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‘The overall objective of this study vwas to investigate the role of water
structure, especially the structure of water neer interfaces, in the properties and
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importent to study membranes ranging from the most simple types to complex, living 3
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As the Nation's principal conservation agency, the Departmant
of the Interior has basic responsibilities for water, fish, wildlife,
mineral, land, park, and recreational resources. Indian Territoricl
offairs are other major concerns of America’s “Department af
Natural Resources”.

The Department works to assure the wisest choice in managing
ali our resources so each wiill make its full contribution to a batter
United States—now and in the future.

FOREWORD

This is one of o continving series of reports designed fo present
accounts of progress in soline water conversion ond the economics of
its application, Such dota are expectad to contribute to the long-range
development of economical processes applicable to low-cost demineralizu-
tion of sea and ather saline water.

Except for minor editing, the dato herein are os contained in o report
submitted by the contractor. The data and conclusions given in the report
are essentially those of the contractor and are not necessarily endorsed by
the Department of the Interior, '
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. INTRODUCTION
A. Qverall Objectives

The overall objective of the present study was to investigate the
role of water structure (especially the structure of water near inter-
faces) in the properties and functioning of membranes, particulariy
biologlcal membrones. |t was found conceptually important to study
membranes ranging from the most simple types to complex, living
membranes. |t was suspected and, in turn, supported by the resuits of
the experiments, that the structuring of water in or near membranes
appears to play an Important (and, at times dominating) role in
determining functional propertles of membranes, regardless of the
fevel of morphological complexity or the operational intricacies of
the membranes.

Much of the work fo be described in this report has already bean
pubiished in the pericdical |iterature, or In Monographs, Conference
Proceedings, etc., but a number of experimental details are reported
here for the tirst time., However, a certain amount of the experimental
results obtained will require further study before the information can
be usefully presented and exploited.

B. Staff

Over the past five years, the foilowlng staff has participated in
various aspects of the experimental and theoretical work. These
include:

Dr. Paul Cratin, present address: Chalrman, Department of
Chemistry, Central Michigan University, Mt. Pleasant, Michigan.

Dr. David Rands, Professor of Chemistry, Southern Illincis
University, Edwardsville, |llinois.

Mr. Larry Korson, Laboratory Manager, LABORATORY FOR WATER
‘RESEARCH, Department of Chemistry, University of Miam!, Coral Gables,
Florida. : B :

Dr. Anitra Thorhaug (Bader), present address: Deparfmen%,oﬁ
Microbiology, Schoo! of Medicine, University of Miami, Miami, Fiorida.

Mr. Keene Garvin, Graduate School of Medicine, University of
Miami, Miami, Florida. -

Mrs. Rhonda Waldinger, Department of Chemlstry, Tallahassee
Community College, Ta!lahassee, Florlida, 32304. B

' Mr. Frederick Lepple, Ph.D. candidate, Department of Chemis%ry,
University of Delaware, Newark, Delaware, 19711, E

Mr. Ronald White, Research Assoclate.

Mrs. Elaine Kelly; graduate student.
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1. EXPERIMENTAL STUDIES

As mentionad !n the Introduction, It was deew:d important fo
study membranes renglng in complexity from the conceptually simplest
to those with the complexities of llving organisms. Cutlined beiow
is @ brlef discussion of work done on each of a number of membrane
systems,

A. Illani Membranes

liani, and [lani and co~-workers (1965; 1966; 196B) have described
a unique membrane system, consisting of a porous matrix saturated w!th
an organic, water-insoluble liquid. In the experiments +n be described
here, the membrane material consisted of Millipore filters; the
organic phasa was toluene. Conceptually, the membrane is, in part
{and only in part) a liquid membrane, convenientiy “stood up verticaliy"
to allow the organic, Immiscible liquld to separate two aqueous, bulk
phases. 1n part, the membrane system !s of Interest in connection wlth
cellular physiology, as it contains (unfortunately, rather intimately
mixed) aspects or the cellulosic membrane walls of many plants and a
"hydrophobic constituent” resembling the lipid part of bimolecular
lipld fllms. The porous matrix [+se!f =~ the callulose matrix - possesses
continuous, liquid-filled pores; originally, these pores are filled wlth
toluene; h .ever, water slowly penetrates Into the pores and apparently
displaces part of the toluene.

. Concentration potential measurements

The membranes were prepared from Milllpore filters soaked in
toluene. The fllters, in turn, were clamped between Jwo half-cells.
A photograph of the experimental cell {5 shown In Figure |, Each half
cell (electrode chamber) could be stirred individually by z magnetic
stirring bar, operated by submersible magnefic stirrers. The enfire
setup was carefully thermostated In a temperature bath, Potentlals
were measured and recorded by use of either a Keithly Modal 630 or
Mode! 660A Potentiometer. Temperature was monltored, either by a
quartz crystat thearmometer, or merely with mercury-ln-glass-?hermome?ers.
When contlinucus recordings of potentials were made as a function of
temperature (using an X-Y recorder) the X axis was used to display The
temperature, usually by means of the output from a thermlstor thermom-
eter. Heating rates were adjusted empirically to be sufficlently slow
to Insure near-equilibrium (and close to steady-state) conditions. Thus,
only minor temperature differences are expected between the recorded
bath temperature and the temperature within each cell compartment., Fur-
thermore, because of the symmetry of the two half-cells (with essentlally
equal amounts of stirring In elther half-cell) only very minimal
temperature differences (say, iess than 0.05° C) occurred across the
membrane between the two half-cells, Thus, the occurrence of thermo-
electric effects may therefore be ruled out completely. Bias due to
asymmetry In the silver/silver chleride electrodes employed in the
potential measurements was usual!y correzted for (or ignored, [f of
sufficiently small, constant magnitude}. The preparation of sitver/

- s
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sllver chloride electrode: followed standard procedures [Ives and
Janz (1961)7.
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Typical examples of observed potential vs. temperature curves are
shown in Figures 2,3,4, and 5,

P bal et L heate £

™

Figure 2 shows a typical run In which a toluene saturated fllter
separatad 0.100 and 1.000 molar potassium chloride solutions. It Is
seen that the potential Is spproximately equal fo fhat predicted from
theory. Using the Nernst equation, and neglecting differences in
temperature dependencies of the activity coefficients for the salt at
the two different concentratlions, the expected temperature coefficient
is indlcated by the three dotted lines (meraly paraltle! displacements,
with slope corresponding to T{/(T; + AT). From Figure 2, it is obvious
that (a) the theoretical temperature coefflcient is observed only
(approximately) over the range from 30 to 55 or 58°;(b} the obsarved
temperature coefficient Is notably smaiier between 16° and (approximatety)
28°; and (¢) a notable change In slope occurs in the vicinity from 28
to 31°. (A second anomaly {s seen also In the vicinlty of 60°).

TR
S AT
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Tl e

Figure 3 shows a similar run. In this experiment, the temperature
o was increased and then decreased. |t s seen that the change in sicpe
¢ at 30° is somewhat smaller tn this case, especially for the ascending

temperature curve, The effect, however, is stl!| observable, especlally
as refiected In the cooling curve. A third experiment Is shown in
Figure 4. The change in this casa is dramatic in the vicinlty of 29 to
30°. The curve was obtained during cooling.

TR TR T T T T bt o el vt het Lkl BAEIA LR A AR

] LR

Several experiments were made wlth considerably larger concentration
differences. Thus, Figure 5 shows the temperature dependence of the
concentration potential obtalned, with a membrane separating 15 milli-
molar and |5 micromolar potassium chloride solutions. Again, a

notable change in the temperature coefficient is obsarved betwsen 28 and
0° C.

A RUTIEE e AT

Many experiments have bezn performed with this type of system. The
resulfs of such concentration potential measurements as a functlon of
temperature, have oftfen but not Invarlabiy, revealed the existence of
thermal anomalies near 30°. An element of non-reproducibility exists,
Thls may probably be explained, In part, in terms of changes In the
membrane, due to dissolution and transfer of toluene from the membrane,
and the movement and adsorption of water onto the cellulose material.
This will be discussed briefly in the section on bi-lonlc potentials.
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2. Bl-lontc potential measurements

I3 Using the same apparatus as employed for ‘the concentration poten-
E tials, measurements have been made of bi-ionic potentials across the
toluene saturated membrane filters (the |lan! membranes). Bl-lonlc

. potentials are frequently used for studies of relative rates of
transfer of two fons of the same charge. Thus, normally, measurements
are made with ldentical concentrations {and close to identical fon
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activitias) on either side of the membrane. The potential established
depends on the fon mobliTtles within the membrane. Under steady-state
conditions, It s assumed that the bi-lonic potential can be expressed
by the formula In Equation (1), where:

- vl Dy
E.ne = = In - (1)
; BI ° F U7'25+'U'_ .
+ -

where U(I) and U(Z) are the mobilities of cations | and 2, respectively,

and U_ "Is the mobility of the (common) anion. For catlon selective
membranes (membranes contalning fixed, anfonic¢ sites), the mobi!!ty of

the anion Is smal!, and the expression for the pctentlial redu:es to
equation (2). )

. _RT (1 ,,(2)
Egy = F In (W /U™ (2}

Figure 6 shows an example of a bi~ionlc potential, as a function of
temperature., The membrane separates two bulk phases, 1.00 molal in
potassium chloride and sedium chloride, respectively. (The curve was
vbtained during cooling of the system). A notable change In ‘tempera-
ture coefficient is observed at approximately 30°. |f, in Equation
(2), the relative lon mobillties of +he two cations are assumed -
temperature independent, or possessing identical temperature dependen~
cles, the temperature-vs.-potential curve is indicated by the dotted
line. It Is seen in this case that the "theoretical" temperature
-coefflclent is observed only In the reglion below approximately 30°,
Above this temperature, the temperature coefficient Is far too high.
Measurements have also been made of bi-lonic potentials at considerably
lower concentrations. Figure 7 shows the potentlals observed betwsen
0.0!15 molar potassium chloride vs. 0.015 molar soedium chloride solution

(Run 103}. It 1s seen that a small but definite anomaly occurs in the
vicinity of 28° C,

While a large number of experiments have been made to determine the
. Temperature effects on bi-fonic potentials, the system, unfortunately,
lacks reproducibility. The difficulties are ascribed, In part, to the .
gradual loss or redistribution of toluene and to the Invasieon of the
membrane by water which subsequent|y may react with the cellulose
matrix. The effects of water on the cellulose matrix are presently
poorly understood. The inlitlal conditlon of the membrane plays an
Important role. Thus, 1t appears certain that the relative humidity
under which the membranes are initially stored, notably Influeces the
properties of the membranes subsequently observed. Figure 8 shows
consecutive "cycling" of a membrane system around 30°. The repeated
heating and cooling cycles lead to gradual changes in the observed bi-
lonfc potentials (although the net effect Is only of the order of 2%
changes in the potential over saveral cycles). {Note that the total
temperature range studled here is far too small to allow any statements
to be made as to the occurrence of a thermal ancmaly.

gy m—
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3. Summary of potential measurements

Although the reproduclibitlty, at times, was less than satisfac-
tory, there appears little doubt that anomalous changes occurred in
the membrane potentlais as functions of temperature in the vicinity of
30°. Other experiments suggested somewhat similar changes near both
45° and near 60°. The mechanism of these changes is difficult to
determine. As discussed previously (Drost-Hansen, 1969), It appears
certaln That no thermal anomalies occur In the properties (and hence
the structvre) of bulk water or bulk, agueous sciutions (of low
molecular weight electrolytes). The changes observed In many systems,
Including the membranes discussed in this report, are most likely due
to changes {n the water In or adjacent to the membrane. The exact
site of these changes is not krown. The changes may represent struc-
tural changes in the vicinal layers, possibly identifliable, in part,
with the (nnermost "stagnant" (unstirred) layers, vicinal to the out-
side of the membranes. In the alternative, the changes may reflect
differences in the state of aggregation of the dissolved water in The
toluene-cellulose matrix, or water contalned in the pores of the
membrane. Such changes are certalnly expected to Influence the state
of hydration and mobilitles of dissolved as well as "bound" ions in
the composite membrane material.

4, Conductance measurements

Surface conductance cor“Inues to be a somewhat [il-defined concept.
In order Yo initlate studies on surface conduction, data on the surface
conductivity of porous Vycor were used In connection with other data
reported in the |lterature (primarily by Schufle, who has worked mostly
with narrow capillaries). The analysis is based on a relatively crude
mode! presented by the Principal Investigator some years ago (1959).
This analysls is briefly indicated below and one aspect is elaborated
on In some detail. Unfortunately, surface conductances are difficult
to measure with any dagree of accuracy or precislon. {ndeed, vast
ranges of apparent values have been reported by different authors.
Thus, Overbeek (In Kruyt's volumes on collold chemistry, 1949; 1952)
has collected an Interesting table of surface conductances from which
1T 1s apparent that vestly different values have been reported under
what, presumably, are Tdentical circumstances. Thus, McBaln and various
co-workers; Urban and co~workers; Fricke and Curtis, and also Wigja have
reported data for the surface conductivity of Pyrex glass {n contact
with 103 molar KCI solution. The values reported ranged from 0.4 x
1079 ohms=! o 100 x 10~2 ohms=1, Furthermore, surface conductivity for
pauct- or muitl-molecular adsorbed layers {5 apparently!subject +o
enormous variations. in fact, the surface conductance under such
circumstances appears to be highly non-iinear., Thus, for water adsorbed
on wool fibers (water contents expressed as moisture adsorbed, x-grams
of water per m grams of solld}; the surface conductivlty Increases
proportional to the “ioading" {x/m) Yo the 15th power! Even the surface
conductivity of porous Vycor changes in a very non-i{lnear fashion as the
result of adsorption of ammonla from the vapor phase. Thus, an increase
of loading by less than a factor of 3 {from 9 mi{!igrams/gram Vycor o

-]3-




a e T TR N e & TR Ty T R T A TR T TR T L T R

AT L TR -

TATETTE. TRy

T Y T

PP R oc ot o e

LN e e

- —————
A a—

24 miIligrams/gram solld Vycor} results In an Increase In surface
conductlvity from 210715 to 2.10712 ohms™!; in other words, a thousand-
fold increase. Interestingly enough, the increase In surface conduc-
tance of Vycor due to water Is far less pronounced.

A llmited number of conductance studlies have been made on !lanl
membranes. Flgure 9 shows the reslstance of such a membrane as a
function of temperature. The resistance was measured at approximately
1500 Hz, using a Wayne-Kerr Autobalance Universal Bridge, Model B64l.
The curve shows the results for one complete cycle of heating and
cooling, Some hysteresis is observed (probably attributable, In part,
to different rates of solution of the toluene). |t is seen that a
small but very real, anomalous change In resistance vs. temperature
occurs In the vicinlty of 30°, Because of the difficulties encountered
with the long-term statility of toluene seturated cellulose matrices,
these experiments were terminated and conductance measurements contlnued
on simpler types of membranes., These are described in Section |1.B.
{"Mil|1pore Membrane Studies™).

The anomalous temperature dependencies observed for both concen-
tration potentials and bi-jonic potentials must be due to some change
in the Ton mobilities within the membrane. This, of course, is emi-
nently consistent with the observed changes in membrane reslstances
(see below), Furthermore, it snould be noted that the anomalles appear
independent of the concentration of the electrolytes used: +thus,
anomal tes have been observed in the concentration potenttal measurements
between 15 millimolar and 15 micromolar solutions and up to concentrations
of | and 0.1 molar, respectively, This also is consistent with the
observations which have been made repeatedly that the anomalous changes
in viclnal water structure appear almost independent of electrolyte
(and non-electrolyte) concentration, and in fact, relatively Independent
of whether or not the water Is adjacent to a hydrophilic or a hydrophobic
material, The latter is the so-called "paradoxial effect". For a
discussion of this, see the papers by Drost-Hansen (1971, 1972),

5. Experimental notes

In connection with the concentration potential and bl-ionlc
potentlal measurements, two types of salt bridges have been employed.
For temperatures below approximately 40°, tne conventlonal potassium
chloride-agar bridge has been used. However, because of the sol-gel
Transformation of agar, a different type of salt bridge has been used
for the messurements at higher temperatures. The type of salt bridge
devised is sketched in Figure 10, As seen from this Illustrailon, the
salt bridge Is shaped In the form of an H, where the salt bridge itself
extencs from péint A to point B, The solution In fhe salt brldge proper
Is two molar potassium chloride. The "membranes" at polnts A and B
ara made of leached, porous Vycor, These "plugs" have moderately low
reslstance; the materia! Itself is highly porous and rather inert. |In
each salt bridge, the remalnder of the bridge (from Point B through
Point C) 1s fllled with the (toluene saturated) |iquld contalning the
appropriate electrolyte solution (from the respectiva chamber of the

-| 4~
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diffusion half cel!), The average pore dlameter of the leached Vycor
is approximately 40 R. However, because the total vold space Is
around 28%, i+ Is estimated that the resistance of these porous Vycor
plugs (saturated with two molar potassium chioride) Is only of the
order of 20 ohms/mil[Imeter length of the plug: (outside diameter, 7
mi | limeters). Thus, the total resistance of the entire salt bridge
does not great|y exceed that of the eguivalent, two molar potassium
chloride alone. The salt brldge has far greater stability than the
traditlonal agar sait bridge. However, prcblems were encountered due
to the diffusion of the tolusene, both inte +he porous plug itself and,
particularly, Into the Tygon sleve, resulfing in swelling of the Tygon
tubing. In later modifications of this type of salt bridge, heat-
shirinkable Teflon has been successfully used instead of the Tygon, but
sufficlent information was not cbitained In this connection to yield
reliabie gsneral conclusions,

The frequency dependence of ‘the observed reslstance was anomalous,
Following standard praétice In conductance studies, the reslstance was
plotted as a function of the reciprocal square root freguency. The
total range ¢overed was from about 500 Hz to 25,000 Hz., A typlcal
example is shown in Flgure Il. It is no+ewor+hy that the frequency
dependence Is far from |inear. As was observed In the potentlal measure-
ments on !lanl membranes, the reslstance also changed with time, probably
due to losses of toluene. The speclfic nature of the frequency dependence
has not been studied In detall, although such a study might be most
rewarding (compare Coster and Simons, [970).

B. Millipore Membranes (Hydrophobic and Hydrophllic)

I+ is eminent!y reasonable to expect that most membrane propertles
can be attributed to two factors: pore size (and pore size distribu-
tton) and surface free energy. How these two variables affect the
transport of water and aqueous solutions through membranes Is discussed
briefly.

For Tha studies on the Mlllipore Membranes, a special membrane cell
was devized, The cell Is shown In Figure 12; It consists of modular
units fapricated of Lucite. The current-carrying electrodes weire made
of platinum gauze, epoxied onto the end plates of the cell. The
platinum gauze oiectiredes (of well-defined geometry) were firmly attached
"fo  sealed-off wlres connected through an insulated glass tube to the
body of the cell., The main cel! is provided with » number of poris,
allowing for renewal of solutions and measurements of temperature (with
mercury thermometers or thormlstor probes). The same ports could alse
be used for si{ver/silver chloride electrodes for potenfial measurements.
Finally, provisions were made for a submersible Gelger counter for
diffuslon studies}(thls part of the experiment has not been completed).
The geometry of The cell could be changed, at least to the exren+ of
varying the separation between electrodes or changihg relafive volumes
on either side of the membrane by adding or taking away modular units
("spacers"). The membrane was clamped between the central portions of
the celt. Throughout, rubber o-rings were used between each moduiar -

-|7-
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segment. These segments, In turn, are clamped by means of four support
rods, The assembly is water~tight and during operation, the body of
the cell is completely immersed In a water or an ofl bath with only

the access ports extending above the level In tho bath,

Early In the study, It became obvious that conductance (and
capacitance) measurements on membrane systems could furnish some rather
specliflc Information about the moblllty of water In these systems.
Unlike potential measurements, however, conductances do not lend them-
selves to rigorous, thermodynamic interpretation. Hence, while a
theoretlcal Interpretation may be hampéred by a lack of knowledge about
the role played by water structure in membrane transport, this study
has shewn that conductance (and capacltance) measurements offer sensi-
tive ways of probing changes in the "environment".

FE Ty A T AT R I T NPT R T

Addltlonal conductance studles on "[lani" membranes were first
carried out because of the substantial quantlty of work which had
already been done on these membranes. As discussed above, the !lani
membrane consists of a solld matrix - a Mil!llpore filiter - supporting
a liquid organic phase (In our experiments, foluene). In each ot the
cells used In these studles, !t was found that many variables adversely
affected the experimental measursments, and these effects had fo be
elIminated before any confidence could be placed in the data obtalned.
This 1s especlally true when data are gathered near the temperature where
thermal anomalies have been noted,

The table below |ists some of the factors and the speclal precau-
tions taken to ellminate (or at leaat minimize) their effects:

FACTOR SPECIAL PRECAUTION

1) Hydraullc permeabl ||ty Equalization of liquid levels in
both compartinents,

P4,

2) Osmotic permeabl|ity Equallzation of osmotic pressuras in
both compartments wlth sultable reagents.

bz

3) Soiubility All solutlons used in thase studies
were saturated with toluene prior to
filling of cells,

4) "Agling" effecrs The determination of the effects of
aging became an Important aspect of
the tetal {nvestigation, including
attempts to eluclidate hysteresis effects.

5) Mixing Both half ceils were stirred contin-
uously.
6) Stagnant layers : No speclal effort was made to deter-

mine the effects of the thickness of
the stagnant lavyers.
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Figure I3 {Graph 46) Is a reproduction of a typlcal run in which
the conductance (and, more often than not, also capaclfance) was mon-
Itored as a function of temperature. (Thls curve |s especially Inter-
esting because It represents the first set of measurements that could
be reproduced consistently with a high degree of precision), The system
Is composed of an [lanl membrane (Hydrophobic Milllpore fiiter saturated

with toluene) separating identical 0.0! M KCI solutions saturated with
toluene. )
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At low Temperatures, the conductance is small ~ a phenomenon
indlcating fthat the membrane acts as an effective insujator between
the two conducting solutions. At somewhat higher temperatures, the
conductance increases slowly at flrst, then very rapidly ~ the curve
passing through a point of inflection of 32.8° C - and, at about 34°
C, assumes a more or less constant rate of Increase +o near 60° C.
At this temperature, the conductance rises extremely fast with tempera-
ture. |t Is important +o note the three ‘temperature reglons where
points of inflection occur In the curve (or where the curve exhibits
an abrupt change): 30°, 45° (a very subtle, hut real inflectlion) and
60° C - temperatures at whlch many aqueous svstems have shown the
occurrence of thermal anomalles!
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IT should be pointed out, however, that subsequent experiments

. demonstrated the existence of another factor - one which frequently
P overrides any "anomalous" thermai behavior - but only at the initial
- point of Inflection. |t was found that the positTon of the Initial

{ inflection poinT depended on a number of varlables:

I} The Initial temperature of the system
2) The rate of heating, and
3) The nature afd history of the membrane.

- Changing any of these variables resulted in a shift of the position of

the Initial point of inflection. The cause of this was determined In

the following manner: conductance measurements were made on systems
identical to that described for Figure 13 {(Graph 46) except that the -

temperature was held constant and conductance recorded as a function of

tlme (the abscissa). The curve obtained was S-shaped (as in Graph 46)

but the conductance reached a maximum value and remalned aessentlially

constant. Subsequent isothermal experiments demonstrated that the

position of the inflection pol.t could be shlfted mereiy by changing

the tempemature. To confirm this In a slightly dlfferent manner, an

experiment was performed In a system Identical to that described above;

Figure 14 (Graph 53). The system was heated from 24° +n 46.5° C. The

characteristic S-shaped curve was obtained with an inflection point

near 37° C; above thls temperattire, the conductance leveled off and
remained constant with time. From thls Information i+ may be Inferred

that the rapld rise In conductance with temperature - or with +ime under
isothermal conditlons - Is due fo the penetration Into and through the

merbrane by the aqueous solutions. This information can be uti!lzed to

- aceeunt for the entire S-shaped curve ~ irrespective of whether the curve
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described represents an isothermal run or was obtalned under condltlons
of changing temperature. At the beginning of the experimental run, the
membrane, a non-conductor, insuiates the two conducting solutions from
cne another (hence low conductance), With time, these solutions are
drawn by capillary action (primerily, and by the presence of, any
incldental pressurse head) into the pores. As each pore Is filled with
conducting {(aqueous) solution, it forms an electrolytic bridge between
the liquids., The conductance, then, gives a measure of the number and
areas of channels open between the two solutlons. Thus, the rate of
change of conductance glves a measure of the rate of permeation of the
Ilquid phase into the membrans. At the Inflection point, this rate Is
maximum. Above the point of inflectlion, the conductance wiil begin to
rise more slowly because most of the pores have now been fllled. If the
run ls carried out [sothermally, the conductance will reach a maximum
value and remain constant, as al! channeis are open and no factor
operates to change the conductance further. This is observad experlmen-
tallyl 1f, howsver, the temperature continues to rise, the conductance
wlill likewlse increase - not because there remalns more channels to be
filied {1t Is obvious that they are completely filled with solution)

but because of the direct effect of temperature on the pore conductance!
It is not surprising, then, that any "ordlnary" thermal anomaly wil! be
comp letely obscured by the comparatively huge changes In conductance in -
this region. To tllustrate the polnt, consider Figure 15 (Graph 59):
this system Is ldentical In every respect to that described In Figure

I3 (Graph 46) with one exception: +the membrane contained no toluene.
Note that the 30° C Inflection 1s absent, but another occurs at 45° C;
This |arge break would mask any subtle changes due to a thermal ancmaly.
Hence, it must be pointed ocut that the overall plcture needs 1o be
examined In the |Ight of these findings - not merely a small! segment of
an experimental run.

During the present study, several curves were obtalned which
exiiibited behavior which cannot be explained completely and satisfactorily.
Figure 16 (Graph 57) 1s an experimental curve which should have been
nearly identical fo Figure !3 (Graph 46} as all experimental conditions -
with the exception of heating rate - were the same. I[n this case, the
curve passes through a maximum (after the Inflection peint),then
decreases - albelt slightly - in spite of increasing temperature. The
curve finally becomes constant after heating ceases. When ‘the heater

is agaln turned on (point “A"), the conductance increases once more, as
expected.

Figure 17 (Graph 58) shows an ldentical case, except that at polnt

"A", a coollng was initlated. As expected, the conductance decreases
with decreasing temperature - but note the strangely abrupt manner In
which this takes place. The reason for the maximum followed by decreasing
conductance with Increasing temperature fs unknown, but the frequent
occurrence of this phenomenon suggests that I+ Is not an ur+lfac+, due to
errant equipment or technique. \
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In order to determine the effect of a liquid phase on membrane
behavior, a number of experiments were parformed with and without
toluene. Membranes made of Teflon gave ldentlical responses with and
without foluene; the conductance failed to change in the temperature
interval from 24 +o 60° C. This i1s most |lkely due to the inabillty
of the water to "wet" a surface of such low surface free energy {or
to penetrate It)., On the other hand, mixed ester and nylon Millipore-
filters showed some hydrophobic character, for Instance hysteresis
effects, when saturatad with toluene, but none when tdluene was absent.
Apparently, the hydrophilic character of these membranes allows for
Instantaneous wetting when these membranes are first placed in contact
with the solutions, and penatration Is complete before the first data
polnt can be obtained, Graphically, thls corresponds to a conductance
long past the Inflectlon point; physically, all the channels are fllled
and the sole effect observed 1s the reversible changes due To temperature
on conductancs.

The results of these experlimental findings were used to determine
quantitatively the effect of femperatura on the rate of llquld penetra-
tlon into the membrane., |+ has already been suggested that the maximum
penetration rate corresponds to the point of Inflectlion of the conduc-
tance vs. time plot; this rate Is Inversely proportional fo the time
requlred to reach this polnt, 1. Assume that the Intrusion of liqui<
intfo the membrane may be represented by the standard rate expression:

d Int _ _ AEa#
d RT2

in which AE ’ Is +he apparent energy of activation of membrane_penetra-
tlon, T Temserafure (°K) and R the gas constant. Thus, If AEa# is constant
In the temperature interval studied, Infegration ylelds the usual
Arrhenius equation: 4

AE

a
2. 3RT + Constant

log T =

A plot of log T vs. |/T is linear with slope equal to AE #/2 3R. A
number of specific cases will be considered.

Hydrophobic MI1lipore membranes exhibited consistently repro-
ducible behavior within a glven batch, but reproducibility among different
batches was viFtually nonexistent. ‘The trouble was traced o a wetting
agent, used In the production of the filters; each batch contained a
concentration of agent, different from every other batch. The wetting
agent served to lower the surface frees energy of t+he substrate and
thereby reduced the barrier to penetmation. Figure !8 glves a log T
vs. |/T plot of data obtained on a (truly) hydrophobic Millipore filter,
f.e., In which no wetting agent was employed. The apparent energy of
actlvation Is huge - 30,000 calories per mole -~ a number excesding some
chemical bond energles! Flgure |9 shows log t vs. |/T plots for two
sets of data obtained on the same batch of Milllpore hydrophcbic mem-
branes containing traces of the wetting agent - one set for each' of the
conductance cells used, The slopes of these curves are equal; hence,
the apparent energles of activation are also Identical - 14,000 calories
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per mole, Thus, It Is sesn that quantities of surface active
impurlfles too small to be detected by ciasslcal analytical mevhods,
may cause the demlse of "normal expectation' In surface chemical
experlments of this type. It shouid be mentionad that the Intercepts
of these plots are different; It Is left for speculation that the
entropy of activation {related to the Intercept} Is !ikely a function
of the speciflc details of the membrane system: its geometry, eilc.

No explanation will be aT?empfeg for thls phenomenon, nor for the
exceedingly hlgh values for AEz" of the truly hydrophoblic membrane.

C, Porous Vycor Membranes

Preliminary studies have been made of the conductance in porous
Vycor, The main object was to determine the extent of discrete {on
size effects on the conductive processes in porous Vycor and the
possible role of the water In the narrow pores of this material. The
Vycor matrix has an average pore diameter of approximately 40 A. It
was felt that careful studies of the energetics of the transpert pro-
cesses In this material might reveal scmathing about the Interaction
between the state of water In the narrow pores of the 8ygor and the
state of hydration of the lons during passage through the Vycor membrane.

Measurements have been made over extended temperature ranges (at
falrly closely spaced temperature Intervals about | or 2° C) of [0~2
molar solutions of al! alkali chlorides and the chlorides of some
quaternary ammonium compounds, These data are sti|| belng worked on.
One difficulty encountered is the lack of comparable bulk conductance
data, measured at closely spaced temperature intervals, [n order tfo
obtaln accurate, relative apparent energy of activation data for
comparison purposes.

To date, It appears that the egerg&es of actlvatlon for conduction
of lithium and sodium chioride (i10=* molar solutions) are nearly

Identical and somewhat larger (but only by a small amouni} than the
energles of actlvation for the conduction of potassium, rubidium,

and cesjum chlorides. For the latter three salts, the apparent energies
of activation appear nearly identical.

I+ had been expected,that since the porous Vycor possesses an ‘
extremely high surface~to=-volume ratlo, thermal anomalles were !lkely =
Yo be observed. This, however, was not confirmed. No Indlcations were
found for ancmalles (near 30°) [n the conductance of the alkail tons
through the porous Vycor matrix. However, measurements with the larger
quarternary ammonium lons did suggest that changes occurred :in the
vielnlty of 30°. [t s spaculated that this effect 1s related primarily
to changes In the hydration of the larger quarternary ammonium lon,
rather than In the nature of the water in the peres of the Vycor.
Before these data can be published, however, additlonal conflrmatory
studtes wlll be required.
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Figure 20 ouf!ines In somc detall the concepfual mode! fhat has
besn employed In a prelimlnary fashicn to account for the cenductance
of solutions in porous Vycor. In this treatment, 1T is assumed thet
the pores are cylindrical and of uniform slze; furthermore, It Is
assumed that conductlion takes place via two dlfferent paths: through
the bulk phase and over ‘the surface; hence, each pore may be treated
as consisting of two paralie! conductors,

For paralle! conductors, the fotal resistance of a system is
glven by the expression:

| |
() R TR

where b and s refer to the bulk and surface, and Ry s the total
rasistance. The resistance.of the solutlon Is glven by *he standard
expression: P.L

. B

: R =
(2 B AB

In which Pg Is the specific resistance; L and Ag refer to the length
and cross-sectlonal area of the |lquld column.

In |1ke manner, a relationship may be written for the surface
reststanca:

Pa-L
SR
Now the resistance is simply the reciprocal of the conductance, so

(3

~that substitutions can be made in the equations:

{4) CT =Cg+ Cs
and
' A A
_ B S
) % = R R
From our model, the following relationships are evident:
= 2
(6) Ag = mr
(7} As = 2mrl
so that expression (4) bacomes:
_mré | 2nr
@ TRETR

Equation (B) can be used to find both the specific resistance of the
bulk and surface phases provided that Cy, r, and L are known. For
our purposes, It Is necessary to know the contribution of both Cg and

Cg over several orders of magnitude of pore size. Thls was accomplished

In the followlng way:

[ R
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Differentiating (8) with respect to "r" glves:

(9) C  gar , 20
or "~ gl ' Pg

Multiplying (9) by (r/Ci) we obtaln:

x| et

(10) d log CT _ [2nr2 , o e
dlegr PBE Ps T
which simplifies to:
() d log C* ZCB+ CS

d 1og r _EE+CS

In principle, a log-log plot of Cy vs. r can now be used to determine
the contributlon of each conductance. Of more Immedlate use, however,
is the application of (I1) To test the vallidity of the medel proposed.
Thls may be done by findlng the 1imiting slopes of the log-leg plot:

As r + 0, r? -+ 0 much faster, so that:

(12) (d log CT) Cq
m———T = = |
°9 7y G
AS I'""‘”,
(13) d{log C,){ . 2C
T B.,
d{log r ) Cé
I
1 The_experimental values cbserved for the slopes when r Is small (i.e.,
. 40 A) is found to be |.l and when r is large (i.e., In a large

capl|lary) the slope 1s found to be 2.1 -~ both values In reasonable
agreement with the proposed model, Because of this agreement, addifional
werk was carfied out to determine both temperature and pore s!ze effects
: on the conductivity of various salt solutions in order that energles of

y activation could be calculated, anrd quantitative Information about ion
discrimination In varlous membranes could be obtained. Thls aspect Is
stil! belng pursued.

D. Liquid Membranes (Butanol)

Schulman and co=workers {(see Rosano et al., 1961) measured the
flux of electroclytes and of water across a system consisting of:

solutlon (I)/n=butanci/soluvtion (11},

This system was chosen by Schulman as an examp!e of a conceptually
simple "ol| membrane". The experimental setup used by Rosano et al.
1s shown In Figure 21, 1% 16 lmportant to Insure good stiriring of all
three phases: the two anueous and the overiaying butanol, to minimize
bulk phase diffuslon processes. Under proper conditions, the rate

~34~
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determining steps are essentlially located at the two water/butancl
tnterfaces. While conceptually simple, the system in actual practice
1s somewhat complex. The mutual solubllity of water and butanol Is
reiatively high. |In Schulman's laboratory, The experimental setup was
used mostly In 2 semi-quantitative fashion {or at least without attempts
to obtain highly accurate data); some results are shown In Filgure 22.
Later, the Princlipal Investigator redrew the data by Rosano et al.,
suggesting that a notable change occurs near 30° which was overlacked

by Schulman and his co-workers; see Figures 23 and 24,

Ting and co=workers have investigated the same system., These
authors were interested In modeling the plasma membrane: the energetics
observed for the crossing of electrolytes over the water/butanol
Interface Is comparabie to that observed for cressing the plasma
membrane,

The original apparatus employed by Schulman and co-workers was
extremely simple. A conslderably more complex version was developed
In the Principal Investigator's laboratory, to aliow better definltion

of area and dynamic condl+lons prevalllng at the water/butanoi Interfaces.

Agitation was effected by mechanical stirrers placed in the butanol
phase, while a liquid clrculation system was used to renew the aqueous
electrolyte at each Interface In the two separate compartments., The
volume of the new system was adjusted so as To minimize tha total amount
of butanol, compared to the fotal amount of electroiyte solution,

Thus, only relatively small changes In net concentration of electrolytes
in the two dlfferent compariments were Incurred over any perioc of time
(long enough to make a run).

Experimentally, the system was utilized In a dynamic mode where
the temperature of the bath was changed contlnuously at a reasonably
constant rate of chenge. Because of the Internal clrcuiation, the
electrolyte compartments were assumed to be nearly at the temperature
of +he bath and the different In temperature between the two half
cells negligible. Silver/sitver chioride alectrodes were used with
sult bridges, provided with porous Vycor plugs. The potentlals were
measured with a Kelthly 660A Electrometer. The output from the
electrometer was recorded on an X-Y recorder, +he X=axls of whlch was
driven by the output from a thermistor thermometer.

The results of these experiments repeatedly Indlcated anomalous,
abrupt changes In the potentials between, for Instance, | molar and 10™2
molar potassium chioride solutlons, separated by butenol. The cbserved
variations In potential (of a total potential of about 100 millivolts)
was several milllvolts as the temperature was increased over, say, 10° C,
The changes observed were often remarkably sharp, mostly occurring some-
where between 15.5 to 19.5° C - often near 16°, Simllar anomalles were
observed also in the vicinity of 30°, Some of the data obtained were
reported in a Ph.D, Dissertation from the Principal |Investigator's
Laboratory (by Dr. Anltra Thorhaug (Bader), 1969).
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E. Bloslectric Potentials In the Giant Alga, Valonlia

In connection with the Principal Investigator's general studies
of water near interfaces, membrane pofential measurements were per-
formed on the glant alga, Valonia. In the systematic search for
Information about the role of water structure In varicus membrane
systems, the Valonlia represented the most complex type of membrane
studied, This sTudy was supported by a number of different agencles,
including the Office of Sallne Water. A very preliminary report (mostly
as the result of studies supported by NSF) was pubtished in Mature
(Drost-Hansen and Thorhaug, 1967). A considerably more detalled
report of these studles appeared In a doctoral dissertation from the
University of Mlaml (A, Thorhaug, 1969). A falrly comprehenslve report
of these studies was reportad later (A. Thorhaug, 1971). The essentlal
observation here = as with the mode| membranes described previously

In This report - was the occurrence of abrupt changes in the blioelectric

potentlals near |5 and 30° C. Between these two temperatures, the
potential observed (for three specles of Valonla) has practically zero
temperature coefflcient, |In all three specles, the temperature coef-
ficient was numerically very large outside of the temperature Interval
between 15 and 30°; at lower temperatures, the sign of the temperature
coefficlent depended on the specles studied.
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111, THEORETICAL AND CONCEPTUAL STUDES

Many of the conclusions which have been reached from the experi-~
mental studlies summarized above, together with those derived from a
study of the literature, have been published in a recent paper in the
treatise on Chemistry of the Cell Interface (H.D. Brown, Editor, Part
B, articte enflfied "structure and ProperTies of Water at Blologlcal
Interfaces", by W. Drost-Hansen, 1971, Academic Press, New York, pg.
I-184). From this article, the section on membranes is quoted in toto,

_—

The general problem of morphology, structure, and functioning of cellu-
| Inr membrares i3 outside the scope of the present chapter. Wo nre con-
‘ cerned here only with the role which water may play in membrane
stability nnd functioning. However, in order to apprecinte this problem
it iz necessary to have some sequaintance with the nature of cellular
membranes, and the reader is referred to the wonographs ediled by
Hirnefelt (1008), Kavanau (1965), D, Chapman (1808), New York Ienrt
Association (1088), several of the symposia published by the Society for
Experimental Biology (sce 8. E. B, 1005), Schligl (1964), Clark and
Nachmansohn (1954), Kleinzeller and Kotyk {1961), Sehoffeniels (1967),
Snell ef al. (1970), and particularly Lakshminarayanainh (1969). The
lnsl-mentioned volume {dealing especinily with transport phenomena in
membrancs) contains an extensive bibliography, including an exeellent
annotated bibliography of recent work; sce also the earlier wark of
Davson and Danielli (1943). Among other reviews of biologieal membrane p
structure, see “Recent Progress in Surfuce Science” wlited by Duanielli
ot al. (1964, 1970) and also the selection of papers by Branton and Park
| (1968). Two symposia on memhrane properties deserve special mention:
'| “Membrane Phenomen” (sce Farnday Society, 1950) and “Biologienl
Membranes: Recent Progress” (New York Academy of Sciences, 1066).
See also “Symposium on Cell Membrane Biophysics” (1868).

Tn terms of transport processes the thermal anomnlies may be scen as
manifestations of water structure changes, resulting in vastly different
mobilities of solutes (lons umd low molecular weight nonelectrolytes) in
the vieinal water in membranes. Again, o change in the vieinal water
strueture may, in tuen, result in o change in the confurmation of the sub-
strate, In terms of the holist theory, the theral anomalies are manifesta-
tions of changes in the thermodynamie netivities of the solute ns the
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vicina! water structure suddenly changes, It is also possible, of course, {
that the influence of the changes of the water structure simultaneously
affect both thermodynamic cquilibrium and transport properties. Thus,
by itself, the oceurrence of thermal anomalies does not distinguish between
active and passive transport, on the one hand, and change of the cell
water in toto, on the other hand.

A recent study of wembranes by dielectric measurements will iltusteate d
the likely (or perhaps maximal) extent of swater structuring in membranes.
Coster and Simons (1870) have used a Wayne-Kerr conductance bridge - \

to study the capacitance changes in membranes, The main result from
this study was the discovery of Inycrs of water near lipid membranes with
properties notably different from the properties of bulk water, The ap-
parent thickness of the water layers adjacent to the membrane appeared
to appronch 40,000 A1 Such a lnyer (4 p thick) would obviously have a
very pronounced effect on the overall clectrical properties of all types
of cells if these do, indecd, have characteristies similar to the lipid mem-
branes proposed m:tmlly by Duniclli and Davson (1935), However, Cos-
ter and Simons (1970) eall attention to the need to examine carefully some
of the underlying asswmptiony required to extract the value for the thick-
ness of the changed water Inyer from the experimental data; it is to be
hopcd that this type of study will continue as it appears to offer & very
promising approach to the understanding of wcmnl water in biological b
eystons,

More than anyane else, it is probably Stein (1967) who hasg contributed
the most systematic annlys*s of membrane functioning in terms of the
underlying molecular processes, especially transport theories, Stein seems
partiocularly attuned to the possible structuval roles of water in the
morphology and functioning of membranes,
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3. Ezamples of Thermal Anomalies in Membranes

Remarkably sharp anomalies in membrane properties have been olb-
served by Dalton and Snart (1967). It is interesting that in these studics
one of the characteristic temperatures--at which an sbrupt change in the
eneryy of aetivation for the conduction through the toad biadder wmem-
brane oceurs—is very close to 28°C (282 = 04°C). It scoms reasonable
to propose that this change is n manifestation of a change in water struc-
ture nssociated with the vicinal water of the membrane. However, & sceond
(and often very abrupt) anomaly ocems in the vicinity of 37.2°C. The
origin of this anomaly is far more difficult to explain within the frame-
work of what hag been discussed in the present paper na this temperature
docs not coinckle with any of the known thennal nnomaties due to water
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structure changes, Ilowever, as pointed out in Section V,C an anomaly
near 37°C could be duc to a transition in the lipids of the membrane.

As demonstrated in this chapter, many data from the biochemicul
and biologien! liternture show evidence of thermal onomalies, but the
anomalies have [requently heen overlooked or ignored by the nuthors
themselves. A striking example of the recognition that nct all functional
relationships are straight lines (or, abt best, simple smooth curves) is
reported in the discussion “Cellular Dynanies” (Peachoy, 1988). When,
Booij (see Peachey, 1968) beeame aware of the dats on the anomalous
Phospholipid mempbrane resistances #s a function of temperature, as
presented by T. E, Thompson (1984; also see Drost-Hansen and Thor-
haug, 1967), he reported on observation which he had previously econsid-
cred too unimportant to publish, namely, that in the range from 17.5° to
27.6°C the permenbility of onion scale was relatively temperature jnde-
pendent. However, below this temperature the water permeability dropped,
apparenily significantly, and ahove 27.5° the permenbility increased rap-
idly. Beoij conjectured (undoubtedly correctly) that these “breaks” might
be related to the anomalies reported by Thompson for the clectrical re-
sistance of the phospholipid membranes as a {function of the tempernture,

Siegel (1989) has studied the excretion of g-cyanin by beet roots as a
function of temperature in an oxidizing environment. An Arrhenius plot
of the B-cyanin rate of discharge versus reciproeal absolute temperature
ghows ¢wo distinet limiting curves—chauging from one curve segment to
ancther at 60°C. The difference in the apparent energics of activation is
considerable (83 keal/mole below 60°C and 18 keal/mele above 80°C}),

Among the anomalous, abrupt changes in membranc properfics reviewed
by Drost-Hansen and Thorhaug (1967) wete the vates of diffusion of
godium and potassium chloride aeress a “butano! wembrane” (data from
Rosano ¢f al,, 1961). Mcntion was also made of the temperature depend-
ence of the resistance of a phospholipid bimoleculnr membrane studied by
T. E. Thompson (1084) and the highly anomalous eonductance of ‘a
bariuin stearate multilnyer membrane studied by Nelson, and Blei (1966).

* Additional data on collodion-potassium oleate membranes were reported
by Nelson, and these frequently exhibited maxima vear 15°C in bi-ionle
potentials. Particularly intoresting results wore obtnined (using 1 )
solutions of KCI and NnCl’. separated by the mebrane) at high tempera-
tures. The results, reversible below B80°C, supgést that significant,
anomalous changes cceur in these membranes as n function of tempern- [
ture, '

-Some intereating results obtained by differentinl scanning calorimetry
were discussed by Steim {1908), The study by Stelm involves speetroscopic

- and calorimetric measurcients of biologieal membrane materials, as well
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as of some simple nequeons sysles, particularly lipid-water systems, The
results on the materials from the membrane of Mycoplasma laidlawii are
cspecially interesting as they clearly show reveral transitions near the
temperatures discussed in the present article and here ascribed to the
changes in vicinu! water structure. It is not presently possible to correlate
all of the observations made by Steim with the changes discussed in the
present chapter; however, the study is important in demonstrating some
possible advantages of differential calorimetry over other tools such ay
high-resolution NMR or optical rotation dispersion studies, Incidentaily,
Steim eoncludes from this study that his data cun be interpreted most
readily in terms of the membrune bilayer hypothesis, but Steim does not
emphasize the role of water structure changes in this conneetion,
Chaudhry and Mishra (1908) measured the diffusion of 2¥Na across
atrial wall segments from the rat heart. The measurements were meade
with equal sodium ion coneentrations on both sides of the wall of the
tissue studied. The authors ohserved transitions in the diffusion versus
temperature at 16°, 32°, and 42°C. Beenuse these velues are close to those
deseribed by the present author, suggesting the oceurrence of higher-order
phase transitions in water near interfrees, Chaudhry and Mishra observe
that this may be taken ns evidence for the diffusion of the sodium ion
through water-filled pores, While the experiments by Chaudhry and
Mighra are remarkable, enution must be excreised in the interpretation,
Thus, conceivably the transport through the membrane might still take
place via mechanisms other than diffusion in water-8lled pores; the not-
able temperature effects might he due to structural effects in the layers
of water adjncent to the membrane rather than {n the membrane itself,
Haowever, the study by Chaudhry and Mishra certainly deserves eaveful

consideration and emphasizes the utility of further detniled studics along
thesa lines.

4, Permeability Studies : )

In an impressive serfes of studies, Wright and Dinmond (1809; also
gee Diamond and Wright, 1968) have studied the membrane permeability
of various nonclectrelytes, The study it not only a profound and extensive,
comparative stwly of various permeahility coellicients for a large number
of nonelectrolytes, but it is based on n surprisingly simple approach—the

. nonelectrolyte movement is onitored through the attehdant esmotic

flow through the membrane, giving rise to a strenming potential,

1In conncetion with osinotic flow, it is important to eonsider the existence
of an unstirred layer; this was discussed in some detail by Wiight and
Diamond. They correetly point out that the unstirred layer may play a
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o dominant and, in fuct, destructive influence on the intetpretation of data
aimed nt cnleuinting activation energics of permeatien (from permealslity
mensurements ot different {omperatures), solule-solvent intoractions in
membrane pevineation, and cowparisons of measured and abserved reflee-
tion coefficient vilues in connection with different kinetic models of mem-
brane structure and permeation processes. However, in the study of the
rabbit gall bladder membrane by Wright and Dinmond the effect of the
unstirred layer played a considerably less crucia! role. According to these
authors, the unstirred lnyer eficet is simply to shift the observed reflee-
tion cocfficients sines the method is cssentially -a comparative method,
Nonetheless, it is obvigus that the eficct can hardly be completely
neglected sinee the unstirred lnyer will, if structured, obseure differences
between the structured elements of water in the permeated membrane
material and in the unstirred layer.

Many nenclectrolyles may be diffused thraugh cell membranes, but vast
differences are observed in the permeation rates. Thus, Wright and
Diamond (1869) note that molecules of approximately the same size and
molecular weight and diffusion cocflicients in buli xolution way differ by
as much as a factor of 10% in the rate of diffusion thiough various mem-
branes, “

Wright and Diamond measured the permenbility of some sixty non-
clectrolyles and correlated the perinenbilities with the oil-water partition
coefficient (and with the ethyl ether-water partition cocfficiont). Similar
studies have been carvied out by Collander (see, for instance, Stein, 1967).
Phenomenologically, the data {rom these studies (as well as many others;
sce the two foregoing works for references). have provided a lnrge amount
of information. However, it appears very difficult to clucidate systemati-
caliy the relation between the nature of the nenelectrolyte and its per-
meabilily. Obviously, size alone will play an important role as will the
presence of functional groups, sterie aspeets, cte. Yoi, undoubtediy-super-
tuposed on these facets is the probable importance of the hydention of the

' ‘ noneleetrolytes, the hydration of the membrane matrin, and the detailed
8 structure of the vicinal water of the membranes, Unfortunately, it will no
S doubt he some time before these relntionships will begin to be understood
quantiintively. Wright snd Dinmond refer to “anomalous” and *“normal”

i perneability components; there is little doubt that the detailed nature

of the matrix will influenee relative permenbifitics of the solutes. 1t is
interesting that in epite of all the informantion and itz covvelation, for
instance, with lipid solubility, it is etill imporzible to make significant
stateinents regarding the likelihood that permention (especially for water)

is primazily vin a contivnous phuse (water«filled pore} or a solvent process
in the membrane materinl,
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Among the several significant fncts noted by Wright and Diamond is
the possible important oficets of unstivred Jayers on tracer permeability
when compured to osmotie permeabilities, The difference was tentatively
identificd with momentum transfer between selute and water molecules.
The artioles by Wright and Diamond (1869; Diamend and Wright, 1969)
ghould be consulted for details in conncetion with this diseussion; the
authors point out that:

All thege propertics of water in parrow channcls are intermediate between
properties of bulk water and of jeo, indicnting that water near n charged
surines Beeumes & more ontered, fee-liko structure, Most of this experimental
work has been in chonnela with diameters in the range of 100-1000 A, whereas
anomalous non-clectrolytn permeation in the gall bladder disappeara for
polutes with more than about three tathon atoma {hydrated diameters larger
than ahout b or 6 ).

Further permeability studies have been published by Wright and
Prather {1970; also, see, Prather nnd Wright, 1970), Firally, it should be
noted that Wright and Diamond .(1869) analyzed the available data in
terms of molecular models, taking into nccount the various types of forces
affecting the nonelectrolytes, such as the permnnent dipoles, induced

“dipoles, van der Waals forees, including short-range repulsive forces and

induotive cffects.

b. Unstirred Layers ' '

For some interesting mensurements and, particularly, some interesting
speculations regarding the effects of unstitred layers (in connection with
transport numbers), sce the article by Barry and Hope (1969). These
authors are not conecerned with the possible structuring of any vieinal
water in or adjacent to the cell wall and cell membranes, but draw atten-
tion to the charge necuratiintion effects which may oceur in such regions
due to superimposed cleetric felds,

The thickness of unstivved layers is usually taken to he maore than a fow
mierons and often as mueh as 20-30 5 (see, for instanee, Curran), For
a diseuesion of the effect of unstivred lnyers on the determination of ap-
parent permeability cocffieients, sce the discussion by Goldup et al, (1970,
p. 244), Reeently, another stady has dealt with the problem of the cffects
of the unstirred layer. Green and Otori (1970) have studied by a diveet
optienl methad the thickness of the unstirred layer of fluid adjncent to
two solid interfaces. The surfaces vbserved were, respectively, the postes
rior surface of the rabbit cornen and u glass surface (n contnet lens). The

procedure wne to sudy the movement of various types of small,

diserete Hight-senttorring particles, such ns polystyrene (less than 025 p in
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diameter) or earmino parlicles, The thickness of the layer in which there
was no nolable movement of the suspended particles (other than that
which could he nseribed to diffusion) was determined optically, In the
unstirred case, the lnyer thickness appeared to depenid on the nature of the
solid materinl, being about 350 p thick on the cornea and 150 p thick on
the contact lens. The thickness was alvo measured with vigorous stirring,
which reduced the stagnant Inyers to 05 p and less than 29 p, respectively.
It is unfortunate that not quantitative cstimates were presented for the
" shear rates. Thus, it is relutively ubinstruetive to kuow the motion in the
cell was achieved by stirring at 400 rpm with a Teflon-conted magnetic
stirring bar, However, even without a quantitative estimate of the degreo
of agitation at the interface, it does appear ns if very notable thicknesses
must be allowed for in diffusion studies at membranes.

6. Comparison of Membrans Matriz Effects

In conneetion with the structural characteristies of the cellular plasma
membrane, Schultz and Asunmaa (1970) have studied the possibility of
ordered structures of water. The article reviews some of the evidence
available for ordering of water near solid surfnees in general and near
membranes in particular, The authors appear to adopt the notion of a
well-defined thickness of very highly structured water. One of the most
interesting observations from the studies of these authors is the sugges-
tion that “It has been demenstrated thnt the characteristics of ordered
water in n porous ginss desnlination membrane are very similar to those
in & cellulose nectate desalination membrane, This result is very surprising
and further experimental work is required to see if the same is true in
other strongly hydrophilic membranes.”

The present author dacs not necessarily subscribe to the notion of &
very sharply defined, structured layer near any solid interface nor to the
experimental foundation on which the proposed similarity in water struc-
ture between the highly different substrates has been based, At the same
time, however, as discussed elscwhere in the present chapter, there is
evidence that the detailed chemical nature of the substrate may piay
only a secondary role. In other words, the proposal by Echultz and
Asunmaa does agree qualitatively with the observation that simtlar,
ordered structures appear to be mduced by the proximity.to different
solid interfaces, as evidenced by the accurrence of thermal anomalies nt
tho same temperatures, regardless of the natuve of the substrate,

a. Spectroscopie Studics. Only relatively fow systemntic studies have
been made on membranes by spectroscopic means. However, Zundel
(1968) has recently published a monograph devoted {o the study of hydra-
tion and intermolceular interactions with polyelectrolyte membranes by
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infraved spectrovcony, Although this buok deals with physicochemicully {
well-defined types of memhrane muterials, it is very likely that the )
general approach will heeotne & model for spectral studies of other types of '
membrane materisls, including bialogien) materials. As coukd be expected, )
o largo fraction of this study is dovoted to the spectroscopic properties of
the water ot siich membranes and membrane materials, It should he
stressed, however, that the approneh, while sound and extremely funda-
mental, does not nllow for more sophistiented aspecets, sueh ns modified or
extensive hydration structures, This is quite notural, of course, consider-
ing the relatively insensitive teelnique used, namely, the specteal changes t
primarily cffecled through the hydrogen bond with ils attendant large
bandwidth, Those nspeets that result from the jon hydration or the spe-
cific polymeric contributions from the membrane substrate will not read-
{ly reflect the details of Ysceondary hydration structure” effects (see the
diseussion of Sidorova's studivs, Seetion V,B,6,h).

b. Study by Resing and Neihof. Resing and Nethof (1970) studied the .
nature of adsorbed water on bacterial celt walls by an NMR teehnique.
Theae authors worked with & “representative bueterium” (Bacillug mega-
tarium) over a wide temperature range with isolnted cell walls containing
approximately 33% water, The authors found no evidence that the water
of these cell wnlls was “ice-like” nor did they find that the mobility of
the water was of the order of magnitude expeeted for “solid-state like”
water (in the temperature range in which the bacterium grows). Specifi-
cally, the authors found that “the distributic . function necessary to fit ‘
the eell wall relaxation time data is so brond that it reaches, with appre- i
tiable amplitude, from the liguid value to the volue in ice. Nevertheless,
the median is much closer to the jumyp time for liquid water than for iee.
The conclusion is clearly that the water in eell walls is not ‘iee-like’ in
terms of mobility.”

A number of comments are appropriate regarding the study by Resing
and Neihiof (1870). These authors did nat discover any notable reduction
in the mobility of the water near the membrane surfnce. On the other
hand, as discussed in the section denling with NMR stodies by Glasel, it
has been clearly shown that some macromolecules do not appearto pos-
sesg extensive hydration struetures, Again, notable ditfevences are fre-
quently observed between the properties of water in living organismns and
in dead orgnnisms (and, incidentally, hetween dormant and active atates),
The argument by Resing and Neihof, that removing some of the water
(from “at lenst 8055 of the volume”) to 339 water (hy lyophilizing nwud
rehumidifying) should not necessarily be expected to result in a water
struoture resembling that in the living organism. However, it might atill
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vicinal water structures, some kind of structure should still have been
observed—even though it might have no relation to the originul water
structure of the living bacterium, It seems at this time that the study by
Resing and Neihof 32 more an anomaly than a genera] finding, As sueh, the
study deserves enreful consideration hut the resulls certainly cannot read-
ily form the basis of snore generalized statements shout absence of ordered
waler strueture near hiologieal interfaces!

The membrane samples used by Resing and Neihof (1970) were pre-
pared by storing the specimens in an evacuated desicentor over saturated
sodiumn necctate solutions, corresponding to a relative humidity of 76%
{at 20° C). Such drying may significantly influence the nature of the ad-
soroed ma¢ omolecules, Wetzel and co-workers (1869), for example, have
shown that proncunced changes in the UV abisorption spectrum and the
dioroism of oricnted films of calf thymus DNA oveur as a function of rela-
tive humidity, Partirularly, these authors found thai notable hysteresis
effects were abserved in the ransge of rolative humidities from @ to 65%
and cailed attention to the structural e¢hanges proposed by Falk end co-
workers (1862, 1863) in the strueture of DNA in the range frem 53 to 75%
relative humidity, Other authors have demonstraied changes in configura-
fion in the range from 75 to 92¢%5 relative humidity in DNA. Thus, the
absence of evidenee for structuring at the cell walls studied by Resing and
Neihof (in the range of water contents employed by these authors) does

not rule out the possibility that structuring may indeed occur in the living
cell.

7. Studies by Good

An important contribution to the understanding of the state of water in
membranes hns come from the extensive studies by Good {see nlso Cold-
man) on the hemolysic of mammalian crvthroeytes. For aver n deeade
Good has studied the details of hentolysis of erythrocytes as a function of
tempernture in the presence and absenee of varions pharmacons. For this
study, Good and co-workers linve hased their approach entirely on the
Kineties of the hemolysis of the erythroeyte membranes, The results have
been east in the form of the Eyring rate equation and die results inter-
preted in terms of the apparent enthalpivs, entropies, and free encrgics of
netivation (and the aetivation equilibrium constant K.

The most obvious results obtained by Good and Coldman is the jm-
pressive degree of linewity between the sppuarent entropy of activaven
as & funetion of the appavent entlialpy of activation, Stressed by several
authors aw well as elsewhere in this paper, the detailed information about
the appurent enthalpies of netivation and the entropivs of activation are
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far more revealing thon tmerely the apparent free cnergy of activation
(AGYH. The lincar relationships between ASH and AIf? is often encoun-
tered in chemical kinetics. Good points out that the proportionality con-
stant in the expression

AIIY = AHS 4+ T. A8

oan usually be related to the influence of the solvent on the kinetie process
in question (see the detailed discussion of the enthalpy-centropy com-
pensation phenomenon in Seetion V,B,6,d).* Coldman and Good (1068b)
interpret the compensation phenomenon as implying that the byiration
of the membrane plays the dominant, controlling role in the hemolysis
of most of the erythroeyte cells {with the exeeption of cells from cattle
and dogs}. The authors further go on to note that the value for the
apparent entropy of activation (&S}, extrapolated to 0°K) is practically
egual te the standard entropy of water and suggest that the precess ap-
pears to take place in & wholly ordered water structure enviromment, This
jg interesting in connecction with the recent NMR studics disgussed in
Section IILY. Coldmun and Good (18682) sununarize some of the perti-
nent conclusions:

It in concluded from these results that linearity hetween the Arrheniua activa-
\ion parameters dependa more on cell membrane hydration than on any other
single foctor,

Furthermore,

It has recently been postulated that the cell membrane contnins an inter-
conaccted hydrogen-honded framework~n hydrate continuum—that pormeates
the ordered lipoprolein structure (16) nnd it has also heen proposed that
changes In the configurmtion of the lipids may determine the water content
of the membrane strueture (17), More recently a model has been put forward
(18) which assigns to water an important vele as an inlegraled structueal com-
ponent of the membrine protein, and which provides also for oxtonsive cell
sutface hydealion, There ore, thetelore, grounds for supposing thut ordered
water of hydenlion i3 just as fmpartant a constituent of the ecoll membrane
a it is of the ntraeelladae piase, ad 38 way be it vell swelling in  hypotonie
tedin i ot dite merely 1o an inerense in voltme of e intracetlulie phage,
Lut alsa te an inerease in volume of the membmne,

In n subsequent series of papers, Good and co-workers stndied the
eflects of various phartmacons on the hemolysis of erythiroevtes, Particu-
Inr interest attached to the study of the cffeets of the barbituates [ulso,
see, the article by Tracey (1908)]. Again, it was found by Good and
co-workers that the kinetivs conform with the compensation law; that is,

* Nota that in Beetion VBG4 we were concerned wostly with cquilibrivin prop-
erties, wherena Gond's studics ure of mte proceses,
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that, the spparent entropy of activation is linearly related to the ::ppnrczlb
cnthalpy of activation and thus reveals the likely importance of hydration
effects on the meehanism of the process. Furthermore, Coldman and
Good (1869} nofe-that the resulls suggest that the nonpolar side chains of
the barbituates play an fmportant role thraugh the attendant hydration
phenomenon nnd relate this observation in terms of the pharmncological
activity. Specifically, with regurd to hydrophobie hydration (referred to -
by Good and co-workers as “apolar hydration”), the authors note that:

+oeil i well known (21), however, and ils orcurrence depends on the structure
of the solute and the ahsence of a direel interaclion between solute and waler;
the solute behaves cssentinlly as un inert support that maintains the first
layer of surrounding waler molecules in tetrohedrl configuration, thus
favoring the formnation of pentagonnl polyhedral hydrogen-bonded struc-
tures or clathrate cnges of water. The eapacity of water to form such enges
ig almoat limitless, nnd studies with alkvlavbstituied ammenium salts show
that entities a4 intge ny the tetrmisobutlyl group (22) anid the benzene ring
{23) enn he enclosed by water in this way.

Finally, in a sepprate study, Coldman and Good (1989) studied the
hydrational effects of leptazo!l and concluded ., . thut the convulsions ine
duced by leptazel, insulin hypoglycemia und electric-shock treatment may
depend on the disruption of cerebral hydration structure,”

In conclusion, there is little doubt that the studies by Good and co-
workers will hecome elassies in theiv approach to the understanding of the
kinctic behavior of biclogieal systems (through eareful studies of tem-
perature effeets) and through the information which may be obtained
from such studies regarding the role played by the solvent—the water,

8. Other Studies on Erythrocytes

Controversy continues as to whether or not the permeation of water
through red cells is through individual pores (by a flow mechanism
perhaps resentbling Poiseuille flow) ar thvough some “selubility matrix
effect” (implying the absence of diserete pores). Reeently, Solomon and
co-workers (sce Vicira of al., 1970) studied the hydraulie permenbility of
erythvoeytes of humans: und of dogs us u function of tumperature, Based
on their measurements, the nuthors concluded that the product, I, X o,
wns constant over the temperature range studied. This, in turn, was inter- 1
preted as supporting the view that over the temperature range of interest
(5-38°C), temperature induced no restraints on the eouivalent pares.
Though it could not be aseertnined that Poiseuille flow did, indeed, take
place in such small pores, speculations were advuneed that at least for the
dog erythroeyte membrane, the diffusion of water occurred through a
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. diffusion mechunism similar to that eccurring in free solution. Figure 17A
Vi shows the normalized hydraulic conductivity cocfficient for eznine
R _ : - .

Y. ervthroeytes, as shown hy Solomon and co-workers. Figure 17B shows
K the sume data redrawn by the present author, It is immediately abvious
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that the points helow approximately 27°C are morc-or-luss temperature
independent, and thus the product of the hydraulic permeability cocfli-
cient and the viscovity of the bulk water will not he temperature in-
dependbnt as roquired for Solomon's interpretation, The lifferenee in the
two scts of curves (A und B) comes, of course, from the different woys
of nsscssing experimental errors: Solomon nad co-workers merely drew
n straight line, fitted by & least-square hest fit, through all the data
points obtained without any regard for trends. The redruwn illustration
(Fig. 17B}, however, becames just as probable when the possibilicy of a
structural change near 30°C has been accepted.

The data obtnined by Solomon und co-workers for the hydraulic con-

ductivity cocfficient in human erythroeytes may or may not show the
snme effect, namely, that below 27°C the hydraulic conductivity is essen-
tially temperature independent hut increases slightly above this tempera-
ture. However, in the case of the experiments with the human erythroeytes,
the experimental seutter is too lnrge to draw any conclusions with cer-
tninty. Tho large seatter in the datu in the latter case by itself does
obviously not prove the converse hypothesis, namely, that the least-square
best fit adopted by Solomon and co-workers is the proper analytical func-
tional representation of the temperature dependence of the hydraulic con-
ductivity. For a discussion of the pore concept in membrunes, see also Sol-
omon (1908). ,

The studies by Solomon and co-workers have in the pnst contributed
significanly to our understanding of membrane functioning and particu-
larly to the problem of the mechanism of solvent and solute transport
across membranes. The example diseussed here is in ne way meant to be-
litte the signal contributions of Solomon and co-workers, but rather to
enll attention to the dangers inherent in overlooking the iuportance of
trends vorsus experimental errors in experimental data.

The possible existence of nctual water-filled “pores” in cell membranes
{of lipidie naturc) compared to other possible mechanisms for transport,
espeeinlly for water, has been diseussed by several authors, In addition
to the contributions hy Solomon ef al,, sce also the article by Ilani and
Tzivoni (1968) who suggest that the water, at least in the simple hydro-
phobic membranes studied by these authors (propared by impregnating
filter matrices with toluene or other organic liguids), does not possess
actual “open pores”—hardly o surprisipg conelusion. The inferenees from
this study were tentatively considered in eonneetion with the general cell
membrane, In this conneetion, see slso the studies by Ting et al. (19G6).
These authors have considered the possible existence of “soft ice” at the
interfnee between butanol and an aqueous =ult solution, The butanol was
chosen as an experimentally convenient ami coneeptually rensonably
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simple model kystem of a tipid by Schulman and co-workers {see Rosano
et al,, 1961). Ting ef «l. note, incidentally, that at least for rubidium, the
Arrhenius plot of the raté of transfer of the jon across the interface sug-
gests a break at 15°C. Compare in this connection the note by Drost-
Hansen and Thorhaug (1967). Among the many other studies coneerned
with the problem of the possible existence of water-filled pores in mem-
branes, atiention should be drawn to the study by Gutknceht (1968) who
concluded that, at lenst for Valonia, it appears unlikely that the protoplast
containe: specific, water-fille:d pores,

9. Bangham's Studics

S. M. Johnzon and Bangham {1969} have studied the effects of anes-
thetic agents on the phospholipid membranes; Bangham and co-workers
{1905a,b, 18G0) have contributed greatly to the understanding of mem-
brane praperties and protesses (as well as anesthesin} over several yeors.
Johnson nnd Bangham (1969) specifienlly studied the permenbility to po-
tassiuin ions of 4% phosphutidie aeid—806% phosphatidylcholine lipo-
gomes. Experiments were performed in the presence and absence of anes-
thetic agents, including cther, chloroform, and n-bhutanol; the effect of
valinomycin wns aiso studied. The rate data obtained were exploited in
terms of appavent enthalpies of activation in an Arrhenius equation,
Among the results obtained were (1) the observation that a eation per-
meability barrier was located at'the water-lipid interface, (2) "the anes-
thetics incrensed the freedom of movemnent of grouns in the lipid molecules
near the interface,” (3) the increase in permeability of X+ in the presence
of valinomycin was cue to nn entropy incrense in the activated state,
approximately 85 eal X mole~! X deg=?, and (4) “the increased freedom
of movement in the interface when the ancsthetie was present allowed the
valinomycin to adopt a more favurable orfentation in the interface for
the exchange of K+."

The study by Johnsen and Bangham is a relatively straightforward ap-
Micntion of an Arrhenins equation te the experimental rate data observed,
However, the study 1= o tvpieal example of the dangevs which result Srom
negleeting obvious anomalies, sueh as trends in experimental data, Figure
18A (Johnson nnd Bangham, 1969, p. 93, Fig. 3) shows the liposome per-
menbility in the presence of chloroform, Valinomyein was present in a
male ratio of 1:107 (lipil}, Characteristically, the trends in the data were
ignoved. Figure 18B shows the same datn as reported in the original article,
bu* with the straight lines deleted and more vealistie curves drawn in, It
is xeen that, indeed, rather abrupt anomalics do oceur, and these refleet
vastly dificrent slopes, ie,, very different aetivation parameters. Heneo,
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P, 18, {A) Liposome permenbilitys Aechenius plot, (8. M. Johnson and Bang-
ham, 1609, with permirsion,) (13) Sume data points as shown in Fig. 184 but with

" eurves redvawn by the present author (note—ono curve deleted for clarity).
slthough the present author does not take issue with the genera) attempt
5 to interpret molecular happenings in terms of a simple kinetie rate ex-
. pression, he does take issue with the frequently practiced custom of
e jgnoring realistie ervor limits nnd the foreing of nll experimental data to
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fit straight lines in order to obtain, by “brute force methods,” data for the
apparent activation parameters,

In conneetion with the study by Johuson and Banghum, notice in Fig.
18B that the failure to produot a reasonably smooth curve (e, {ree of
thermal anomalies) increases ag the concentration of chlomfarm in-
creases. A tempting suggestion here is that the chloroform stabilizes

vicinal wator structures through clathrate hydrate formation—the more '

pronounced thiz structure is, the more abrupt the attendant therinal transi-
tions will be {compare the studies by Nelson and Blei, 1868). Note also,
however, that chloroform is readily soluble in the lipid.

Thero is little doubt that the curves shown in Fig., 18B fit the expori-
mental data considerably better than the straight lines proposed by Bung-
ham and Johnson, However, it should be noted in Fig. 18B that the
anomalics do not appear to oceur near 30° and 45°C as would be expected,
but rather tend to show an anomnly in the vicinity of 38°C. In this con.
nectioyw, compare the discussion of the phrse transitions of the lipids and
particularly the studies by Chapman and ce-workers, Scetions V,C;1 and
2, and the studics by Steim, Seetion V,D,3.

10, Cellulosic Membranes

The problem of water in and adjncent to cellulose has been a subject of
a grent denl of research because of the obvious industrial importance, as
well as the role eellulose plays in understanding the physiology of plants;
many of the temperature-sensitive phenomena observed in plant growth
are likely related to the water-cellulose internetion, In this seetion, how-
ever, the stress is primarily on the simplified system of isolated cellulose
and water.

Notable contributions in this field have come from studies such as those.
by Goring and co-werkers in Canada, by Forslind in Stockholm and by
the researchers at the Swedish Forest Researeh Laboratory in Sweden., Be-
fore discussing these contrihutions, atteution is ealled to results of Haase
and Steinert (18391, discussed by the present nuthor (Drost-Huansen,
1969b). Haase and Steinert observed notahle anomalies in the permeabil-
ity of treated cellulose membranes and in the apparent heat of wransport
across collulosic membranes, neay 32° and 45°C, The authors poted that
no evidence of anomalies had been repoited for the cellulose itself at these
temperatures. (It should be noted, however, that in subsequent studies by
Hanse and de Greift (1965), the effeet wus not reproduced. In this con-
nection, sce the discussion by Kerr (1870), by the present nuthor (Drost-
Hansen, 19691}, and in Scetion VII)

Martin-Lif and Soremark (1869a,b,0) have studied thermni traumtmm
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in ectlulose utilizing various techniques, These authors have observed
abrupt anomalies nt a number of discrete temperntures (in some ew s,
B near 0°, 35%, and B0°C); most of the studies were by some type of dila-
b tometry. However, additional experiments were carried out, for instunce,
5% with p-glucose, where measurements were made of the optical rotution,
i Thie quantity showed a minimum near 28°C and a maximum ncar 47°C.
o N These results should he compured with the study by Kendrew and
- Moclwyn-Hughes from 1940 (quoted by Drost-Hansen, 1067n): these -
NS authors stwcdied the optien] rotution of severnl different reducing sugurs.
i In all of the avuilable datn, it appears that & thermal anomaly aceurs in

i the vieinity of 16°C.

Finally, it is of interest also to note tho! tho sludies by Mnrtin-Liif
and Strematk also teverled wnomalies nenr 30°C in the NAR linewidth

el in hemiecllulose, The reader is referred for details to the extensive reports

‘ by these nuthors. It should be mentioned that the authors do not neces-
8 sarily consider the anomalies us munifestations of higher-order (coopern.
tive) phace transitions, hut tentatively suggest the possibility (Martin.
b, L6f and Streraark, 1909 that the anomalies may owe their existence to
: {he sudden onset of rotutional mades of individua! wnter molecules,
k. Martin-Liif and Stremark note that Waliba has added both infrared
spectroscopy evidence and optical refraction datn to suggest the occur-
g rence of transitions in the water-vollulose system; anomalies weve ukso
i noted by Back who used a sonic pulse technique and by Kubat u-mg u
. torsion pendulumn,

The earlior studies by Ramiah and Goring (1905) weve nlso coneerned
with water-cellulose internctions, Again, nnomalous changes were ob-
served in the expansion of water-swollen materinls (cellulose, hemicelly-
. - lose, lignin}. The authors desertbed the changes and perturbations in the
& - water structure caused by the hydrophilic surfuces of the weody maere-
1y molecules, For some details and references, the reader is referred to the

iy paper by the present anthor {Drost-Hansen, 1968hY or the origingl papers

A by Goring and co-workers,

i Gary-Boho and Solomon ( 1971) have studied transport across cellu.
B : 3 lose acotate membranes of varving porosity. The nuthors ehose theze mem-
{ branex to “gain further insight jnto the nature of water=tiembrane isters

: ~ nefions,” and employed mensurements of hydreaulic conduetivity and dif-
' L fusion coeflicients (using tritiated water) as a function of temperature,
Oiic of the aims of the study was to distinguish between influences due to
geometry (such as tortuosity, ete.) and the efficets of the water-membrane
internctions. Previously, Solomon hns advoeated thal visvous flow through
membeanes with even very small equivatent pore radii is essentinlly “elus-
si¢”; Gary-Bobo and Solomson cluim also that “all the experimental re-

—m:mmg
1] g "
Sabeitodidy

a .
4
v

]
L

sr i e gt b

~
. <)
"

e,
i

=

L

St e a
R 4 A

oL,
T e b !

(g

o iglta

L1
e

Taimad 1220 Lrrf tonkict D el S rmet LI




T B i g g e LA - T e
‘wguwﬁuniwﬂﬁi btz ol e WO N S T a0 22 B o ot it S

sults ean be accounted for in terms of kuown properties of free water and
no anomalous behuvior of water needs to be postulated,” However, Garys
Bobo and Solomon do point to the inportance in the diffusion process of
the water-nicmbrane interactions, even ucross membranes with Jurge

© equivalent pore radil, The choiee of eeflulose aectate appears somewhat

unfortunate for a study of water-membrane internetions for the very
reason the nuthors stress ns being of purticulur intevest, The nuthors quote
Fronks (1983) stuting that since “bydroxy] groups do not alter water
structure much, if at nll, the behavior of the water in the membrane might
be expected to be similar to that of water in bulk.” It would scem that, in
order to study water-membrane interactions, it would have bLeen hetter

‘to chocse a hydrophobic membrane or one of & less obvious hydrophilic

nature, However, compare in this conneetion, also, the staten.ent by Tait
and Franks (1971) that the ‘hydroxyl groups certainly are “sensed” by
the aqueous environment, sinee water appears able to distinguish between
a- and g-methyl pyrancsides. In spite of the hydrophilic nature of the
membrane materinl, Gary-Bobho und Solomon demenstrated water-mem-
brane interactions by the notable differences in the observed encrgies of
activation for diffusion in the different membrane materiale. Thus, in the
membrane with the smallest pore radii, the npparent energy of setivation
7.8 keal/gram mole, compared to 4.8 keal/gram mole for sedf-diffusion in
water {the value nt 20 obtrined by Wang, 19865). Gary-Bobo and Solo-
mon also stress the notsble difference in the small-pored mewhranes be-
tween the apparent enevgies of setivation {or diffugion compared ta viscous
flow; they suggest that natahly different mechanismsz are involved and
that, in this connection, “viscous flow is n relative motion of portions of a
liguid, diffusion is a relative motion of its constituents.” It is interesting to
speculate that, were it possible to mensure viscosity over a very wide
range of shear rates, the "limiting value” for the apparent encrgy of ne-
tivation for infinitely sinnll shear rates might appreach that observed for
diffusion! As mentioned briefly in Svetion V1,3, it §s not inconeeivable that
the viseosity of vieinal water moy be sheur-rate dependent. Forslind
(1908) has previously elaimed that water is non-Newtontan, At the snwme
time, the studies by R, J. Miller (1068) failed to demonstrate the exizlenee
of o definite eritien] shear stress; thus, the water at least does not actually
“gel” under the conditions of the studies Yy Miller and co-workers (who
worked mostly with clay matrices)., - )

11. Diffusion Studies

A vast nmount of literature exists on the diffuson of various solutes
(of both low and very high molecular weight) in water through various
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porous materials, However, only & very limited number of studies have
been reported where the particle size and the pore dinmeters do not differ
grontly and the dimensions are still lurge enougl to justify a priori the use
of classic hydrodynamies (Poiscuille flow). Recently, Uzelae and Cussler
(1970) hove studied the diffusion of monodispersed spherieal latex par-
tictes (dinmeter 910 A) through Millipore filters, These filters had nominal
pore dismeters of 2200, 3000, 45300, nnd 12,000 X, The results of the study
are of obvious interest to biophysics us a model for the sturdy, for instance,
of red cells passing through vaseulnr capillavies or lnrge macromoleeules
passing through diserete pores in various types of membranes, Many of
the results from this study are important with respect to a theoretieal
interpretation in terms of the movement of an inert sphere diffusing in a
continuum liquid. The nuthors claim that the temperature dependence is
that which would be expected on the hasis of the simple expression used
by the authors, although an inspection of the data may throw some doubt
on the validity of the conclusion. The authors give the expression for the
diffusion cocfficient (D) as:

kT 1
= Groati(a/R) M
where ky{a/R) is a tabulated function, Admittedly, whereas the diffusion
cocflicients themselves differ by as mweh as 60, the product an/kT dif-
fers by only 10%. The ratio of this cocfficient at 25° and 45°C, respec-
tively, is less than 1 for the larger pore size (0.45 p). Whether or not sig-
nificance ean be attached to this, the nuthors point out that the limiting
value of the diffusion coefficient for the ratio a/R (particle diameter to
pore diameter) = 0 is about 10 times larger than the Stokes-Einstein
value. The authors claim that this result is not an experimental artifact §
nlthough they are unable to give ny interpretation for the observations, '
They also enll attention to some other studies which have reported en-
haneed diffusion coeflicients—much larger than those predicted by the
Stokes-Einstein equation. It iy in this conneetion that it is of interest to ]
consider the possihility that part of the liquid structure in the pores of the
Millipore marix nuy be disondered, as pruposed recently by the present
author (Drost=Hunsen, 1960L), Some rather tentous evidenee for this hus
already been noted, bused on data for the diffusion eocfficient of n num-
ber of gases in nqueous suspensions, nithough there is apparently no gen- :
eral agreement on this point. However, if, indeed, o disordered zone may 4
also exist in reasonably small pores, & grently enhanced diffusion cocffi-
cient might be expected if the viscosity of less structured liquid is lower
than that of the ordinary bulk water (and the highly ordered, vieinal
water). :
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12. Active Transport

Electrolyte pumps, required to explain active transport, have beent dis-
cussed in inordinate detail over the past several decades, The differences
in the electralyte contents hetween interstitial Auid wnd cell fuid is rve-
markable. These differont clectrolyte solutions are separated by the cell
membranes, and the various equilibrin {or, rather, steady-state procuss-us)
are normnlly considered to require mctabolieally derived energy. Appar-
ently, in all active trangport processes, the source of encrgy for separating
tho different cleetrolytes is derived rom ATP. To “explain” active trans-
port in clnrsic terms, various “enrriers™ are required; these are usually
assumed to be proteins. In this section nve discussed (if only hriefly) some
aspeets of an alternative view of netive transport. A more detniled discus-
gion of this alternative explanntion is presented in Seetion V,G, while some
selected nspects of water structure, ATP, and the ATPase problem will be
treated Iater in a separate paper {Drost-Huansen, 1971; in preparation).

Changes in the structure of the intracellular water is o possible enuse of
transmembrane mmovements against o “total stoichiometrie” concentra-
tien gradient. Changes in “available” ions (i.e,, changes in “effective con-
centrations”) have been termed changes in “solubility.” This, however,
scems a poor terminology, sinee the total number of tons in selution may
remain unchanged; instead, what is changed is the netivity, of the ions
(and other solutes). An inspeetion of cven the simplest forins of the
Debye-Hilckel expression for the activities of ions revenls that notabie
changes are cfiected through a change in the dielectrie constant of the sol-
vent.

All cclls are considered eapable of active transport, In this scction, we
restrict the discussion to plant eells, hased on the extensive writings by
Stadelmann with some comments in terme of the water structuring fis-
cussed in this chapter. In n recent review, Stadelmann (1970 calls atten-
tion to the criterin proposed by Sitte (1969 for active transport. Three
criteria must be sintancously obeyed to consider n movement of jons
truly to Lie of the nature of an netive trunsport: “(1} the process uses en-
ergy, (2) there is a stoichiometrie relation between the wmount of ATE
used up and the amount of substance transported, (3) the encrgy supplied
from ATP is used directly for the transport of the substance under con-
sideration.”

Difliculties huve arisen in the past in attempts to dumou«tratc the l'vnl-
ity of active trausport fov lack of suitable “trans-membrane earriers”
these “transpor! proteins” have been termed “permenses,” “truns-lounso&"
“transfer locases,” ete, Such enrriers should have some stoichiometvie re-
Iationship to the munber of ions transported. Tt ix possible that one ad-
vantage of the alternnte theory-—that ions are transported merely in o
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gratlient of fon activity (due to the different aqueons environments) —is
the faet that ne stoichiometrie relutionship is neeessarily veqitired, The
amount (il possibly the rate) of transport may instead he determined
exelusively by the changes in activity of the fons aid U waler moleeules
(henee, ehanges in "apparent solubility,” in eurvent tevminology), Cer-
tainly, of the thvee eviterin disens=ed ahove, requirement (23 may play the
ey role in settling the question of netive transport versits o movement in
an aetivity geadient, Te s likely, in foet, altwost certain, thut both mecha-
misms witl require enerpy [requivement {137, and it witl probably b dif-
fivult to prove or disprove any one-tu-one eorvespoidence between the
cnergy used and the energy diveetly supplicd from AT for the transport
process under cowsiderntion. It ix also possible that the aetual transport
iy depend on, or be fneilitated by, one of the “transport, proteins.” 1Tow-
ever, e transport proleins act merely as the vehicle for the transported
solule, Lffeetively, this may reduce the energy barrier to be overcome in
the provess of moving the ion neross the membrane, but it bears no reln-
tion to the energeties that determine why the ion s moved agninst the
stoichiometrie concentration gradient, .

As digenssed above, the alternative to active transporteis the existence
of solute netivity gradients, caused by the different ngueous ehvironmments
within the cells. Relaxation measurcments may prove to be the most di-
rect way of obtaining further informuation regurding the structural char-
acteristies of the intracellular water, If the diclectrie properties of the
intrucellular water were known, and particnlurly if it were possible to
ablain infermation about the variation in effcetive diclectric constant ns
a function of electrolyte und nonelestrolyte contents and as o function of
the proximity Lo the membranes and surfaces of the various organelles, il
might be possible to ealenlute netual fon netivities, using suitably modi-
fied, elugsie solution theory, In view of the above, the current worle in the
nuthor’s Inboratory is now heing divectwd townrd meusuring divectly the
dielectric propertivs of waler near interfuces, espeeinily in nul ndjneent to
membranes, and eventually of intact biologieal systems, Thus, while it
may be a deende or more before a detailed wnderstanding will have been
reached regavding the structural characteristies of vicinal water, eipirieal
vitlues for effective dicleetric constints (and espeeindiy their dependence
on distance from the interfaee~—if sueh information can be obtained) may
prove useful in estimating netunl netivity gradients in ccllulur systems,




L TS ML A e e -

——m e ET T PR -

=y T ] e
it Ea W i G TEaR o L el fak
PR z SRELS

»,
pL,
-

oo

=
LYy
S TR L AT T

| TR,

=

e Jas

T h - m —_— ) __'_lll II| B S w1

V. SUMMARY

The studles reported here have shown that the structura of water
near many Interfaces - Including the water In and adjacent to a large
varlety of membranes - possessas unusual structural characteristics.
While the speclfic structures have not been clearly delineated, it
appears llkely that they have the attributes of stabl|ized entitles of
the type envisloned In the mixture model for water (such zs high-pressure
ice polymorphs, clathrate cages, etc.). These vicinally stable structures
display anomalous therma! propertlies at a number of discrete, rather
narrow temperature Intervals. These translitions significantly affect
the propertles and function!ag of some membranes. The effects are
observed with both simple, physico~chamicaliy well-defined membranes,
as well as with biologlical membranes. The vicinal water structures

- appear characterized by long-range ordering and by (excsedingly) low

energetics,
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V. RECOMMENDAT |ONS

in view of the findings of this research, 1+ is recommended that
careful studies be continued on the nature and rcle of structured
water near interfaces, particularly In and adjacent to membranes.
Because of the highly non-linear effects observed, temperature changes
of only a few degrees may notably enhance or diminish the functloning
of some membrane systems (in biological membrane systems, the changes
may be completely dominant, often leading to irreversibie cessation of
normal functioning). Tha possible effects of these water structure
changes on the functloning of desalination membranes is recommended.
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Vi. PUBLICATIONS

A large number of papers have resulted from fhe suppori received
by the Office of Saline Water for the study of the structure and
properties of water, particularly water near membranes (and other types
of Interfaces). Some of these papers are |isted below,

Drost-Hansen, W., Thermal anomalles In aquecus systems - manlfes-
tations of Interfacia! phenomena?, Chem. Phys. Let., 2, 647-652 (1968).

Drost-Hansen, W., On the structure of water near solid Inferfaces
and the possible existence of long range order, Ind. Eng. Chem., §l,
10-47 (1969).

Drost=Hansen, W., Role of water structure In cell-wall interac-
tlons, Fed, Proc., 30 (5, 1539-1548 (1971).

Drost-Hansen, W., Effects of pressure on the structure of water In
various aqueous systems. Paper presented at the Society for Experimen-
tal Blologists' Symposium #26, on "The Effects of Pressure on Organlsms",
Bangor, Wales, United Kingdom, September 6-10, 197|, To be published
In the SEB Proceedings, 1972,

Drost-Hansen, W., Molecular aspects of aqueocus interfacial struc-
ture. Paper presented at the Air/Sea Interface Chemistry Symposlum,
January 3|-February 2, 1972, Ft. Lauderdale, Florida., (Abstract
published in the Bulletin, American Meteorologlcal Society; paper to
be published In J. Geophys. Res., August 1972,

Drost-Hansen, W., Water at blological Interfaces. Paper presented
at the XVth Solvay Conference on "Electrostatic Interactions and the
Structure of Water"”, Brussels, Belgium, Jupe 1972, " Paper to be
published in the Conference Proceedings.
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