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Introduction (¢) the fine structure,
The purpose of this paper is twofold: (a) to From such data one can hope to derive, in con-

show how a very old technique in the preparation
and study of biological and petrographic specimens,
thin sectioning, adapted more recently to electron
microscopy and renamed “ultrathin sectioning,”
can be used to give useful information concerning
the microstructure of certain non-biological mate-
rials, notably inorganic colloidal crystals, and (b) to
demonstrate the use of the technique in studying
tactoid-forming deposits in /3-FeOOH suspensions.
The sectioning experiments were undertaken in
the present workl to discover what information
might be derived from them concerning (a) the
packing of crystals of 3-FeOOHZ2in the sediments
formed by slowly hydrolyzing ferric chloride solu-
tions at room temperature,3 (b) the shape and the
thickness of the cross sections of the single /3
FeOOH crystals and their individual volumes, and
(1) Presented before the 36th National Colloid Symposium, Palo
Alto, California, June 25-27, 1962.
tinuing project being conducted by Dr. Heller on the properties of
schiller layers of /S-FeOOH and other crystals.
(2) The common name for 0-FeOOH is 6-ferric oxide monohydrate.
(3) H. Zocher and W. Heller, Z. anorg. allgem Chem, 186, 73 (1930).

The work is part of a larger, con-

junction with optical data, the exact equilibrium
distances between the /3-FeOOH crystals in schiller
layers. Until now only approximate values could
be given for these4 and they were not sufficiently
accurate to be used as a basis for calculations of
the interaction energy between these crystalline
particles.

Conventional transmission electron micrographs
(Fig. 1) demonstrate the highly monodisperse
nature of the crystals, a fact which will be dis-
cussed in detail in a separate publication. They
also show that these crystals deviate from usual
crystals by reason of their rounded or irregularly
shaped ends. They therefore may be related to the
crystal habitus classified by Kohlschiitter5 as
somatoids, which are defined as crystals of regular
internal structure but of more or less irregular
external shape. Similarly, the numerous twins
observed in these specimens could be referred to as

(4) W. Heller, Com\t. rend., 201 831 (1935). _
(5) V. Kohlschiitter, C. Egg, and M. Bobtelsky, fteh. Chim Acta.,
8, 457 (1925).
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soraatoids. These micrographs give length and
width of the single crystals easily, indicate when
there is mere overlapping as compared with twin-
ning, but are able to tell little or nothing accu-
rately about the dimension or shape of the crystal
in the direction of the electron beam. By the ad-
mittedly inaccurate method of “shadow casting,”
the crystals were surmised to be about square
in cross section. Many examples of star-shaped
crystals and X- and F-shaped twins are observed
in these (i-FeOOH dispersions. Mere overlapping
of two crystals (solid arrow in the Fig. 1 insert) is
easily differentiated from true twinning (clear
arrow). The crystals in Fig. 1 have not been sec-
tioned. Both A" and F-twins yield measured
angles of about 60° in the micrographs, in good
agreement with Mackay’'s more accurate X-ray
data of 62° 52' 10”. In Fig. 1 there is also a cross-
shaped twin (clear arrow) with a 90° angle. The
internal structure of such forms can be demon-
strated more clearly by the application to them of
thin sectioning.
/J-FeOORPI crystals are known to form tactoids of
smectic symmetry3under proper conditions,6which
manifest themselves as regularly layered sediments,

(6) “Proper conditions” for the formation of /S-FeOOH crystals
tactoids of smectic symmetry are that the concentration of the orig-
inal iron chloride solution be between the limits of approximately
20 to 60 mmoles of FeCh. Schiller layers can be expected to form at the
earliest in about two months after preparation of the solution, and
later, the time required being longer the lower the original concen-
tration within the range given. These conditions apply for room
temperatur ;.

John H. L. Watson, R. R. Cardell, Jr.,

and Wilfried Heller Yol. 66

“schiller layers.”7 These exhibit brilliant inter-
ference colors, which has led to the quoted designa-
tion. The individual crystals composing these
schiller layers were recognized at an early stage to
represent /3-FeOOH.8 More detailed examination9
led to the following dimensions of theounit cell of
d-FeOOH: a = b= 105A., ¢ = 3.03 A, in correc-
tion of the dimensions previously given byOMilligan
and Weiser, a = 5.28, b= 10.24, ¢ = 3.34 A. Milli-
gan and Weiser were the first to identify the pre-
viously unknown crystalline compound $§-FeOOH.D
More recently, A. L. Mackayll and othersi213
confirmed and improved the values given by Kratky
and Nowotny. Mackay’s values are a tetragonal
unit cell of a = b = 1048 and ¢ = 3.023 A. Ob-
servations and conclusions made in the present work
are consistent with the earlier results but the
sectioning experiments add considerably to the
information available both on the ultrastructure
of the crystals and their probable mode of packing
within the schiller layers. We have recently pub-
lished complete d-value data for /3-FeOOH.}4

Specimen Preparation
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A definition of the term “tactoid” is frequently requested and since a
clear understanding of this word is required here, the following dis-
cussion is offered. Tactoids are highly visco-elastic droplets of a
concentrated colloidal solution dispersed within a dilute colloidal solu-
tion which contains the same components. They exhibit optical
anisotropy and generally assume a non-spherical shape. The internal
structure of a tactoid is nematic or smectic, with some more complex
structures being occasionally possible. A tactoid differs from a liquid
crystal (mesophase) by the fact that it consists of two phases of which
one is dispersed in the other, while a mesophase consists of a single
phase. Thus a tactoid of tobacco mosaic virus represents a dispersion
of mutually oriented virus particles in an aqueous medium, and a
multitude of these tactoids, in turn, are dispersed in a dilute aqueous
solution of randomly oriented virus particles.

(7) H. Zocher, Z anorg. allgem Chem, 147, 91 (1925). The term
“schiller layer” originates from “schiller-schichten,” a term intro-
duced by H. Zocher, who discovered tactoids.

(8) W. Heller, O. Kratky, and H. Nowotny, Compt. rend., 202, 1171
(1936).

(9) O. Kratky and H. Nowotny, Z. Krist., A100, 356 (1938).

(10) W. O. Milligan and H. B. Weiser, J. Am. Crem Soc., 57, 238
(1935).

(11) A. L. Mackay, Mineral. Mag., 32, 545 (1960).

(12) D. It. Dasgupta and A. L. Mackay, J. Phys. Soc. Japan, 14,
932 (1959).

n (13) J. D. Bernal, D. R. Dasgupta, and A. L. Mackay, Clay Miner-
als Bull., 4, 15 (1959).

(14) J. H. L. Watson, W. Heller, and T. Schuster, Proc. European
Regional Conf. Electron Microscopy, Delft, 1, 229, 1950.

(15) The sample was one taken from the large series studied by L. E.
Poplowski and reported on in “A Study of the Growth of Colloidal /3
FeOOli Crystals.” Master's Thesis, unpublished, Wayne State Uni-
versity, 1962.
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Observations

Figure 2 shows a typical section of an array of
/3-FeOOll crystals cut at approximately 90° to the
long axis of the single crystals. It immediately is
apparent that each crystal is approximately square
in cross section. Their mutual orientation has
survived, in part, the handling of the specimen dur-
ing preparation. The crystals are seen to be ar-
ranged in an orthogonal array, with any one of
them situated immediately adjacent and opposite
to its eight neighbors to present a striking checker
hoard appearance in two dimensions. This orien-
tation undoubtedly reflects the general type of
orientation of the individual crystals prior to re-
placement of water by alcohol and finally by
polymer.

It is most likely that in the original schiller layers
the direction of the long range spacings (of the
order of the wave length of light) is in a direction
perpendicular to the arrow shown in Fig. 2 and
parallel to the plane of the micrograph. It must be
emphasized that electron micrographs are 2-dimen-
sional while schiller layers are 3-dimensional.

The crystals are remarkably uniform with
square sides of about 550, standard deviation 30 A.
This section (Fig. 2) has been cut at not quite 90°
to the long axis so that there tends to be over-
lapping of the crystal sections in one direction
(vertically, as shown by the arrow) with less, or no
overlapping in the other. The maximum residual
separation of the crystals is about 90 A. This dis-
tance is obviously very much smaller (about 60
times) than that in the schiller layers of the origi-
nal system. In Fig. 2 no recognizable nor repro-
ducible structure was observed within the crystals.
They were merely broken in some areas by the
sectioning. In any case, each section represents
crystal planes of (3-FeOOH, either broken or cleaved
along lattice planes.

In Fig. 3 and others, whether cut from more ad-
vantageous angles or better resolved in the electron
micrographs, structure is seen within the cross sec-
tions of the crystals. Identical orientation of the
crystals was not preserved everywhere and conse-
qguently, since the appearance of the structure de-
pends, among other things, upon the angle of the
knife relative to the orientation of the crystals
themselves, all of the cross sections did not have
the same appearance. The following discussion
and conclusions are a result of observations made
during a study of numerous micrographs.

Many of the crystals were seen to be composed
of a series of what first were interpreted errone-
ously to be “layers,” 4a maximum of 12 to 16 usu-
ally being recognizable in any one crystal (Fig. 3A).
In any one group of crystals the layers were oriented
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similarly (usually parallel to one side of the square
cross section) as long as the crystals themselves
were oriented identically.

One was tempted to interpret these “layers”
(alternating linear areas of light and shade) as
indicative of a true laminated structure within the
crystals. However, more extensive observations
negated this and suggested instead that the struc-
ture was rather that of a bundle of laterally oriented
rods and that the apparent laminated appearance
was a function of the cutting angle through such a
bundle. An appearance of lines (layers) in the
cross sections, parallel to :heir sides, occurred due
to the foreshortening effect of the non-perpendicular
cutting angles. The repeating distance in these
groups of fines measured as about 60, their thick-
ness as about 30, and their separation as about 30 A.
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to its sides. This is observed infrequently, but can
be explained only if the structure of the single
crystal is indeed the nature of a square, orderly
bundle of separated rods in an orthogonal packing.
For clarity in the exposition these individual rods,
of which the crystal is composed, will be referred to
as subcrystals.

In those fields where the layers had the sym-
metrical appearance of a true 90° section, the lines
across the cross section did not appear and there
was a mottled appearance instead, many of the
rows of spots being arranged in straight lines.
These spot patterns were interpreted as the electron
microscope images of the cross sections of the sub-
crystals within a crystal. Their dimensions and
separations were consistent with the dimensions
given earlier for the “layers” or lines. Difficulties
of resolution, and particularly of contrast in ultra-
thin sections of embedded specimens, hamper clear
direct observation of such tiny structures, even by
electron microscopy, and make it particularly dif-
ficult to illustrate them satisfactorily on the printed
page.

In order to devise a model of the structure both
to illustrate and to satisfy the observations, it was
advisable to examine the crystals sectioned longi-
tudinally and at intermediate angles longitudinally.
This was done and completely consistent observa-
tions were made (Fig. 4). The long parallel sides,
the tapered ends, and lines running the length of the
crystals were seen. The sides were smooth and
the widths uniform for long distances to agree with
the observation of square cross sections. The
widths were consistent, measuring about 550 A.
As far as the limit of resolution allowed, the sub-
crystals (rods) did not seem to taper, but appeared

o SOl e rmetag e SRR Hgoh et of &

Only when the sectioning angle was a perfect 90° (a
very fortuitous circumstance) would discrete ends
of such rods be visible and only then, if both resolu-
tion and contrast were particularly favorable.

Cut at some angles, an appearance of lines along
the diagonals could be expected to occur in elec-
tron micrographs from such a structure as we have
proposed (arrow, Fig. 3B). This usually is seen
best in micrographs which have been taken slightly
out of focus to enhance contrast. The lines are
along one diagonal of the square rather than parallel

to be of constant width. They were observed best
toward the tips of the crystals (Fig. 4) but often
were observed to run their full length. They are
about 30 A. across, separated from their neighbors
by like distances. Their presence in longitudinal
sections can only be reconciled with the observa-
tions already described from cross sections if the
structure of the crystal is a bundle of oriented
subcrystals as has been described.

Figure 5 shows a number of crystals sectioned at
intermediate angles which give further information



Oct., 1962

to confirm the structure already described. In
Fig. 5A is a section cut at an oblique angle through
the tip of the main body of a crystal. It is seen that
at the thinner ends of the section the rods are easily
discerned, while further on into the crystal where it
is thicker and where the cut has perhaps influenced
its structure (more than at its peripheral areas),
the electron intensity pattern is more complex and
more difficult to interpret. These micrographs are
overenlarged photographically in order to make
the structure visible to the reader’'s eye. While sec-
tioned tips are tapered, those crystals which have
been cut off short have square ends, as would be
expected from a body with square cross section.
Extremely thin fragments of crystals show the
structure very well (Fig. 5B, C, D). These ob-
servations all were confirmed repeatedly. Typical
dimensions are marked upon the micrographs.

With 50-kv. electrons incident upon unsectioned
crystals, the subcrystals were visible only in the
feathered, tapered ends. The crystals had to be
“thinned down” by the sectioning process in order
to be penetrated adequately at 50 kv. Using higher
voltage electrons (80 to 100 kv.), the whole crystals
sometimes could be penetrated sufficiently to
demonstrate the fine structure. However, in the
thicker areas toward the centers of the whole
unsectioned crystals, very complicated patterns of
electron scattering were observed.

Figure 6 shows several examples of sections made
at or near 90° to the long axis of the crystals. In
Fig. 6A is an example sectioned at exactly 90°, in
which it will be noticed that the sides at high mag-
nification sometimes are slightly bowed. In Fig.
6B is a slightly thicker cross section, in which the
crystal has corners which are “stepped,” indicating
an incomplete crystal growth. The smallest step
is about 25 A. and is consequently in the range of
the subcrystals we have been discussing. The sides
of this crystal section are not bowed. Figure 6C
shows a crystal sectioned almost at 90° in which the
lines are just beginning to appear in the peripheral
areas, while in the central areas the mottled pattern
is visible.

Discussion

The electron microscopic observations of thin
sectioned crystals of /3-FeOOH have demonstrated
that their structure may be described as an oriented
pile of separated subcrystals of square cross sec-
tion somewhat like those shown in the schematic
drawing of Fig. 7. In Fig. 2 the sides of the cross
sections have a mean of 550, a standard deviation
of 30, and a total range of from 460 to 620 A. The
mean width of the crystals when dried in air on a
supporting film for electron microscopy (Fig. 1) is
600 + 100 A. Therefore, it is likely that some
shrinkage (approximately 8% ) has occurred. This
shrinkage most probably is due to the dehydration
of the crystals prior to embedding them in the
methacrylate. It would suggest that water is held
within them when they are in solution and that it is
not entirely removed by mere drying in air but is
removed more completely by the treatment with
alcohol.

The repeating distance observed within the
crystals is about 60 A. in an over-all square side

Colloidal Crystals op /3-lron Oxide Hydroxide
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of about 550 A., to give 9 or 10 subcrystals on a
side of the crystal, or from 80 to 100 subcrystals to
compose the crystal. On the square side of each
orthogonal subcrystal there would be about 3 unit
cells, or 9 unit cells over its square face. In Fig. 8
is a micrograph of fringes obtained from crystals of
[3FeOOH sectioned at 90° to the cdirection. These
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do notoseem to be a Moiré pattern. They are 10
to 12 A. apart and in good agreement with the a
dimension in the tetragonal unit cell.

From the work of Mackay1lit is known that the
c direction is in the direction of the long axis of the
crystals. Knowing this, the observations suggest
that the crystals grow by reason of tetragonal unit
cells forming subcrystals in such a way as to
promote a uniform rate of growth of the major
crystal in the a and bdirections (and consequently, a
square cross section) and a 14-times¥ more rapid
growth in the c direction to produce rectangular
longitudinal sections. Toward the crystal center,
the subcrystals tend to grow more rapidly so that
the crystals taper toward their tips. Now that the
square nature of the cross section is known, meas-
urements made upon the crystals in statistical
studies to determine the Kinetics of their growth
can be greatly simplified. Overlapping crystals
can be recognized and touching crystals can be
counted and measured. Volumes can be estimated
accurately and corrections made for tapering if
necessary. Sectioning, applied to other colloidal
crystal systems, might work equal simplification
upon them.

While the schematic drawing in Fig. 7 satisfies
the observations, the lines of “holes” observed in
some of the better cross sections, Fig. 6A, B, and C,
could be explained by a model as in Fig. 9, where the
subcrystals are more tightly packed but where each
is a tube about 60 A. wide with an internal diameter

16
rat(lo zjf their length to their width is 4.0 (the crystals of Fig. 1), the

rate of build-up of unit cells in the ¢ direction would have to be [10.5/
3.03J X 4,0 times as fast as in the aor bdirections.

John H. L. Watson, R. R. Cardell, Jr., and Wilfried Heller
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of 30 A, Such a tubular structure would not as
readily explain the striated images in unsectioned
specimens, but the closer packing could account
better for the stepped corners which sometimes are
observed (Fig. 6B). This hypothesis is supported
indirectly by the fact that long, tubular fibers,
which have the appearance of hollow whiskers, are
observed to occur fairly frequently in /3-FeOOH
preparations (Fig. 10). The mean internal diameter
of these fibers is about 25 A., their standard devia-
tion 16 A.o The smallest measured internal diame-
ter was 9 A. The fibers have a very Iarge range of

outside diameters, from 110 to 2000 A., with ca
mean of 440 A. and a standard deviation of 280 A.
The single fiberoshown in Fig. 10 has an outside
diameter of 240 A. and an internal diameter of 30 A.
While the smaller diameter fibers clearly appear to
be single (Fig. 10), the larger ones are striated and
could represent large bundles of parallel, smaller
hollow fibers, arranged in a manner similar to that
proposed for the subcrystals in Fig. 9. Many other
examples of tubular growth of crystals are known—
asbestos, crysotile, halloysite, and NaCl, to men-
tion only a few.1718

Probably the best model of /3-FeOOH structure
would be one in which the subcrystals are somewhat
more closely packed than in Fig. 7 but where they
still possess a loose structure, and where electron
scattering phenomena explain part of the intensity
pattern over the crystalline sections.

The results of the investigation indicate that the
internal structure of /3-FeOOH is strikingly similar
to that of liquid crystals of the nematic type. The
subcrystals associate in a nematic structure to
form the crystals, which, in turn, associate in tac-
toids of a basically smectic type.5 While the indi-
vidual units, of which a liquid crystal is composed,
are easily separated from each other, the cohesion
of the solid components of a /3-FeOOPI crystal is
apparently incomparably larger. The rounded
outer edges of some of the crystals in cross section
(Fig. 6A for example), as well as the occasional
occurrence of subcrystals in curved lines (the
arrow in Fig. 6C), may be evidence for high inter-
facial energy, which results in curvature of some of
the individual crystals. Experiments are con-
templated by means of which it is hoped to bring
about a “peptization” of the subcrystals within a
single /3-EeOOH crystal.

Acknowledgment.—All experiments were carried
out with systems kindly provided by Mr. Todd
Schuster and by Miss Lillian Poplowski, graduate
students at Wayne State University.
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(18) T. F. Bates, F. A. Hildebrand, and A. Swineford, Am. Min-

eralogist, 35, 463 (1950).



Oct., 1962

{ Idg E%V\US aster In tHaILy & de “bed?rlhn dgpeec |Igr)1(st
aan irec |0nst ey grow at equal rates

A s aidens an re ffract
f%aggergspspr r{r)la%roglameeﬂt%o %regA 3(%%( Echj stz\ilylme

W atso TheXra diffraction pattern lines
arﬁaperé; e, Prom)imenbe){ga enmw ¢ e 101

First-Order Slip-Flow Continuum Analysis

M ichacgs (Massachusetts In t| g
p R
@’hﬁ iy i%gne Mlo v*f& :
ateon ncile 0 Teason.
?n d sgéflopl non,oérlzeomp {?ga Zﬁ

oper.candi Oﬂ
gy ®

ﬁm-ow

are’u EC o anesf'e
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In a previous note by the author,2 the Navier-
Stokes equations with first-order slip-flow boundary
conditions were used to develop an equation for
the thermal force acting on aerosol particles. The

disagreement, pointed out by Schadt and Cadle,&a

between a previous continuum theoryd of the
thermal force and experiment was explained. It
was suggested2 that the analysis -was valid for
only the slip-flow regime, characterized by values
of the Knudsen number,41/a, less than one.

A purpose of this note is to fix the range of
Knudsen number for which the first-order slip-flow
description of the thermal force can be applied.

An unresolved problem of rarefied gas dynamics
is the determination of the upper limit of the
Knudsen number for which a description of a
physical system using the Navier-Stokes equations
and first-order slip-flow boundary conditions breaks
down. Inasmuch as the thermal force on aerosol
particles is a phenomenon existing only for (I/7a) > 0,
one has in the thermal force a sensitive test of a
first-order slip-flow continuum analysis.

Here the developed thermal force equation2 will
be tested with appropriate existing experimental
data for the thermal force on aerosol particles.
The range of validity of a first-order slip-flow
continuum analysis will be specified and methods
for determining the slip-flow coefficients from
thermal force experimental data will be investi-
gated.

Thermal Force Theory in the Slip-Flow Regime.
=From the solution of the steady-state Navier-
Stokes equations with first-order slip-flow bound-
ary conditions, the following expression for the
force experienced by a spherical particle suspended
in a gas in a temperature gradient is obtained.2

(1) This work was supported by Grant G 19432 of the National Sci-
ence* Foundation.

(2) J. R. Brock, J. Colloid ci., to be published.

(3) (@ C. F. Schadt and R. D. Cadle, J. Phys. Ckem, 65, 1689
(1961); (b) P. S. Epstein, Z. Physik, 54, 537 (1929).

(@) lis. the molecular mean free path and ais the radius of the aero-
sol particle.
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In comparing eqg. 1 with experimental data the
major difficulty arises in the determination of the
correct values of the slip-flow coefficients, ct, cm,
and Gm

Expressions for ct, cm and ctmwere first developed
by Maxwelléa and Knudsen@b from simple Kinetic
theory arguments. Since then, more exact treat-
ments of boundary conditions have led to slight
alterations in the magnitudes of ct, cm and ctm
A discussion of these treatments may be found
elsewhere.6

These more exact expressions for the slip-flow
coefficients have all been for monatomic gases
impinging on plane Malls. Much of the appro-
priate data for the thermal force has been taken

ger 5 -

(5) (a) J. C. Maxwell, “The Scientific Papers of James Clerk Max-
well,” Dover Publications, Inc*. New York, N. Y., 1952, pp. 681—712;
(b) M. Knudsen, Ann. Physik, 34, 593 (1911).

(6) R. E. Street, in “Rarifed Gas Dynamics,”

New York, N. Y, 1960, pp. 276-292.

Pergamon Press,
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with air impinging on spherical aerosol particles
of such size that curvature effects cannot be ig-
nored.

Simple semi-macroscopic arguments have been
used in deriving the slip-flow coefficients7 which
are supposed valid for monatomic and polyatomic
gases impinging on plane walls. The correctness
of applying these expressions to the a ‘priori
evaluation of the slip-flow coefficients remains to
be determined.

Fortunately, in measuring the thermal force on
aerosol particles it is necessary to obtain independ-
ently an isothermal value of cm The problem
of comparing eq. 1 with experiment is reduced,
therefore, to the determination of the two remaining
coefficients, G and ctm-

The semi-macroscopic derivations of the slip-
flow coefficients mentioned above apply analogous
arguments for the development of ct and cm
In the instance of cm one considers the net tan-
gential momentum transfer to a wall; for ct one
considers the net energy transfer to a wall. The
same simple kinetic theory assumptions are
involved in each instance and the effect of any
deviation from plane wall geometry should be the
same for both ct and cm Consequently from a
known experimental value of cma good estimate of
ct should be possible. This method will now be
discussed briefly.

The expression given for the semi-macroscopic
derivation7 of cm can be modified to remove the
simple kinetic theory and plane wall assumptions.
If this is done, cmis given by

X1(1 — X2m o

where X1, X2 and X3 indicate unknown constants
whose values would be determined by a rigorous
analysis of the physical system. am is the tan-
gential momentum accommodation coefficient and
has a value of one if a molecule striking the surface
achieves complete equilibrium with the surface
and a value of zero if specular reflection occurs.
Discussion of arAcan be found in various sources.78
It is sufficient to observe that at present it is not
possible to make an a priori calculation of am

By similar argument, the following expression
can be found for »

a —-’W(l Xat) h, _ 3)
Xat (1 + y)euu
where y is the ratio of the heat capacity at constant
pressure to that at constant volume, cpcv. X
X2 and X3are taken as the same constants appearing
in eq. 2. Here, at is the thermal accommodation
coefficient. A value of (h of one signifies that a
molecule hitting the surface achieves complete
thermodynamic equilibrium with the surface before
leaving; an at of zero signifies specular reflection
with no net energy interchange. As for om at
cannot be calculated by present methods with any

(7) E. H. Kennard, “ Kinetic Theory of Gases,” Chapt. 8, McGraw-
Hill Book Co.. New York. N. Y.. 1938.

(8) 1. Estermann, in “Rarified Gas Dynamics,” Pergamon Press
New York, N. Y., 1960, pp. 38-53,
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certainty and must be regarded as subject to ex-
perimental determination.

In view of the fact that Ot and amare both meas-
ures of the extent to which impinging molecules
achieve thermodynamic equilibrium with the sur-
face, it seems appropriate to assume a%« am
which is, however, probably not valid in general
for polyatomic molecules where the relaxation time
for transfer of energy between translational and
internal degrees of freedom may be large. For
air on various surfaces, it is usually observed9that
at and amare both very near 1.0.

With the assumption noted above, the following
expression can be used for estimation of ct from an
experimental value of cra

et~ [ i i\ vCm.exptl. (4

el ptl.) @
where cmeXpti. indicates an isothermal experi-
mentally determined value in thermal force

measurements.
ctm remains as the only undetermined coef-
ficient in eq. 1. According to a semi-macroscopic

analysis,7ctmis

Itm =4 \irT)

(5)

More rigorous calculations of ctm were not found
in the literature nor evidently have any experi-
mental determinations of this coefficient been
reported.

It will be shown that from eq. 1 and an experi-
mental determination of cm ct and ctmcan be eval-
uated from experimental thermal force measure-
ments.

Evaluation of Slip-Flow Coefficients and Range of
Validity of the Slip-Flow Continuum Analysis.—
Equation 1 can be rearranged in the following
manner

a
11 i + 3cm

|vT,.]la%5

where « denotes the ratio of the true value of ctm
to that given by eq. 5. From eq. 6 it is evident
that € is given by the Ilimit of eq. 6 as
Zla—»0 This value is independent of any esti-
mated value for ct-t and therefore Ctimcan then be
evaluated from experimental thermal force data
at sufficiently low (I/a) and experimental values
of cm fcf, and kB

Equation 1can be rearranged further to give eq. 7

© S A Sdeaf ad L Talbot, “Medhanics of Rarified Gases,”
NAVORD Report 1488, Vol. 5, 1959,
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where e is now given by the slope of the indicated
linear relation. The value of e determined by this
equation does depend on the estimated value of
ct. If values of e determined by these methods,
ed. 6 and 7, are in agreement, then the estimated
value of ctis the correct value.

Therefore, experimental thermal force measure-
ments at sufficiently low I/a provide a useful
technique for determination of the slip-flow co-
efficients ctand am

First-Order Slip-Flow Continuum Analysis
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Various experimental thermal force measure-
ments have been reported.3a10-12 Of these meas-
urements, only the data of Rosenblatt and LaMer
were taken at sufficiently low I/a and were suf-
ficiently free of scatter to permit a test of the
methods discussed above.

Figure 1 shows the intercept determination of
e for the data of Rosenblatt and LaMer for TCP
droplets in air at 300°K. A recent experimental
determination3 of the thermal conductivity of
TCP was used in the calculation by eq. 6 of the
value of ereported in Table I. It would be desir-

(10) R. L. Saxton and W. E. Ranz, J. Appl. Phys., 23, 917 (1952).

(11) P. Rosenblatt and V. K. LaMer, Phys. Rev., 70, 385 (1946).

(12) K. H. Schmitt, z. Naturforsch,, 14a, 589 (1959).
(13) 0. B. Cecil and R. H- Munch, Ind. Eng. Chem, 48, 437 (1956).
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able to have thermal force measurements at lower
I/a since the indicated extrapolation cannot be
performed with great accuracy.

Figure 2 shows the predicted linear relation of
eq. 7 for the same data of Rosenblatt and LaMer
for (I/a) < 0.30. The value of ct estimated from
eq. 4 was used in the calculations. The isothermal
experimental value of cm reported by Rosenblatt
and LaMer was 1.23. The data were fitted by a

James R. Brock

Vol. 66

least-squares line to within an average deviation
of +3.0%, giving the indicated value of e shown
in Table I.

As stated above, the intercept evaluation of e
is rather uncertain. Consequently, alteration of
the value of ct reported in Table | is not justified

Table |

D etermined Values for the Slip Coefficients

an
Exptl.

Thermal force data source Eq. 4 'EqQ.7C Eq.6
Rosenblatt and LaMer, 11

TCP agerosols in air 123 194 091 0.99
Schmitt, 2PH300 silicon

oil In argon 142 257  1.06
Schadt and Cadle,3* so-

dium chlorice aerosols

in air (0.74)

without additional thermal force data at lower
values of 1/a.

Figure 3 presents all the reported data of Rosen-
blatt and LaMer. It can be seen that the first-
order slip-flow analysis breaks down at (I/a) =
0.25. The data for 0.25 < (I/a) < 1.6 can be repre-
sented by an empirical modification of eq. 7 to
within + 8%

1* 8
v, ay ®
where for the reported data ¢ = 1.860 and r =

- 0.212.

The data of Schmitt for PH300 silicon oil drop-
lets in argon at 299°K. are presented according to
eqg. 7 in Fig. 4. Schmitt reported a value of cm
of 1.42. & was estimated by eq. 4. The calcu-
lated value of € according to eq. 7 is given in
Table I. An intercept determination of e was not
possible.

For 0.25 < (I/a) < 2.2 the data of Schmitt are
represented to within approximately * 1% by
the empirical relation, eq. 8, with ¢ = 1.42 and
r= -0.06.

The data of Schadt and Cadle for sodium chlo-
ride aerosols in air at 307°K. are shown in Fig. 5
according to eq. 7 for (I/a) < 0.25. No value of
cmwas reported, so the value of 1.23 was assumed.
The determined value of e, subject to correction,
is given in Table 1. It can be seen that the data
for 0.25 < (I/a) < 1.6 obey the apparent empirical
linear relation of eq. 8. The data of Schadt and
Cadle for mercury aerosols in air also show this
empirical linear relation, as can be seen in Fig. 6.

Discussion

On the basis of the present limited comparison
with existing appropriate thermal force data, it
may be concluded that the first-order slip-flow
continuum description of the thermal force breaks
down rather abruptly at (I/a) ~ 0.25.

Where an approximate determination of e and
ct was possible, it appears that the value of ctm
is not greatly different from the value predicted
by eq. 5. Also on the basis of the limited compari-
son, the estimation method for ct of eq. 4 appears
applicable.
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The linear relation observed for 0.25 < (I/a) < 2
remains to be explained, as well as the rather abrupt
departure from the first-order slip-flow analysis
that has been noted.

From these preliminary results it may be in-
ferred that experimental thermal force measure-
ments may prove to be a useful method for gaining
a better understanding of the rather complicated
behavior of a non-uniform gas at a boundary.

DISCUSSION
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Introduction

This paper is concerned with the general problem
of rapid, routine particle size analyses in aqueous
dispersions, particularly in latex produced artifi-
cially from synthetic m-polyisoprcncs. Data on
comparison of turbidity spectra with Coulter
counterl-3 results on Hevea and synthetic cis-
polyisoprene latices will be presented.
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Tablel
Turbidity Measurements on Dow Monodisperse Polystyrene Latices
0 06 6200

* . 65 0.70 075 0.80 085 090 095 .. 05 11
AV tle, 45 135 X 10 cqiml Fourconon. 85 48 % 26 gl 1y I % MR
Theoretlcall o - 0.083 76 520 384 200 223 15 138 108 90 74 6l
- 0.088m 850 616 456 348 265 208 165 1R 108 s 73

B. D = 0264.| tlc mU|tIp|I6d by 10~3
Av. rfc, 2-6 X 10-s¢./ml.  Four concn. 9.65 7.66 6.25 511 426 355 2.95 247 213 180 153
Theoretical r/c 9.74 790 648 536 443 368 3.09 259 218 184 157

C. o - 0.365m; r/c multiplied by 10-3

Av. rlc, 8-20 X 10-sg./ml.  Four

conen, 156 123 988 8.18 7.04 6.03 523 454 403 3.74 3.18
Theoretical r/c 16.7 132 106 8.75 730 6.17 531 464 408 3.60 3.11

D. o = 0814m ... multiplied by 10-4
Av. r/c, 7-11 X 10-sg./ml. - Two concn. 350 302 2.62 230 205 182 163 146 131 119 1.07
Theoretical r/c 3.62 311 269 236 207 182 162 145 133 121 1.11

E. Sample L, » - 1171, ... multiplied by 10-4

r/c at 10-60./ml. 312 293 272 253 234 217 199 182 168 156 145
Theoretical T/c R 389 360 3.28 294 268 242 220 200 182 166 152
ric from Coulter counter distributions 3.32 2.59 1.98 1.54
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Results and Discussion

A representative cumulative number distribu-
tion for a Hevea latex, obtained with the Coulter
counter, is shown in Fig. 3. The general form of
these curves for the polyisoprene latices is the same

(14
Elmhurst, 1l

ﬁrerating Manual, Coulter Industrial Sales Corp., P. O. Box 22,

Fig. 1. —Turbidity v rgteesrz Qamter and breadth parameter

as in Fig. 3. The curves through the data were
obtained by fitting the points to a cumulative log-
normal distribution in threshold, where the thresh-
old, f, is proportional to particle volume.

where N is the true count at threshold t, No is the
total number of particles in the metered volume
which passes through the orifice, tais the number
median threshold, and 3 = 33. The P notation
refers to the probability integral

P{X)=Vr f° (5)
The fitting was done by a machine procedure for
a number of assumed values of NQ subject to the
constraint that

e’ N

y _ tt'‘AbDwm8e-2.258
6

(9)
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Fig. 2—Use of guide curv,\e]&%haracterize a latex, Hevei

Diameter, p.
0.94 44

0.44

_ _ Threshold, ¢ .
Fig. 3—Cumulative nummr %Stnbutmn for Hevea latex

where Vv is a known quantity, the volume of
particles in cubic microns per metered volume.
The residual sum of squares also was obtained, but
this was insensitive to the choice of No- Since the
fit of eq. 4 to the data was uniformly good, the
values of Dwm and /? obtained from this type of
curve fitting were taken as characteristic param-
eters for each latex sample.

Note that for the Hevea latices, about 30% by
number of the sample is accessible to the counter.
The weight percentage is, of course, much higher,

M. Wales
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since we are dealing with a lower counting limit of
0.5 n and values of D wm which usually are consider-
ably higher than this.

In Table Il is shown a comparison between
values of Dbwm and ft obtained from the Coulter
counter and from turbidity spectra, for a number
of polyisoprene and Hevea latices.

Table Il
Distribution Parameters for Various Latices
Danii wit.
dT;%E{:ar 13 distribution
Tur- Tur-  regres-
Latex Polymer Counter bidity Counter bidity  sion
;  Polyisoprene 0.92 0.84 094 1.34 097
2 Polyisoprene 102 105 98 148 106
s Polyisoprene 131 1.05 81 125 0.90
4 Polyisoprene 123 118 70 100 .12
5  Polyisoprene 182 20 98 110 .79
s Polyisoprene 0.51 1109
7_ Polyisoprene 12 125 .90
NL 76 Hevea 082 078 61 092 s
NL 356 Hevea 083 072 65 1.05 .76

Latices 6 and 7 were studied by electron micros-
copy, giving for latex 6, a number median diameter
of 0.127 y, bDwm of 0.53 y, from which 3 = 0.98.
Latex 7 had bwm of 1.4y from electron microscope
measurements.

Note that there is a slight tendency for turbidity
spectra to give low weight median diameters com-
pared to the counter, but that the parameter /? ob-
tained from turbidity measurements is uniformly
high.

It is believed that the reasons for this finding are
(@) the wave length dispersion AX for the Cary
spectrophotometer is not zero; (b) forward
scattered radiation is being received by the detec-
tor to some extent.

Use of a wave length band of finite width would
tend to have little effect on apparent diameter at a
mean diameter where turbidity is not increasing
very rapidly with diameter as is the case with
these materials, but would produce an apparent
widening of the distribution by a dispersion in a.
The second effect would lower the apparent turbid-
ity more at lower wave lengths than at higher ones
and would tend to lower D wm if the system lies be-
low the maximum in «/c vs. Xand to raise f~» The
second effect should lower the apparent turbidity
increasingly severely as particle size increases.8

If anything, /3 values from the Coulter counter
have been suspected as being too large. 2

Finally, since the Coulter counter actually
traces an appreciable part of the particle size dis-
tribution function, the /3 parameter derived from it
is preferred. We find that if Bfrom the counter is
plotted vs. the turbidity /3 the results can be repre-
sented quite well by a linear regression, using the
method of least squares

dee = -0.008 + 0.728dturb « 0.728dtub (7)

More data than are presented here were used in ob-
taining this relation, twelve comparisons in all.
Values of calculated from the turbidity values,
by this relation, are shown in the last column of
Table II.
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Nearly all the polyisoprene samples in Table 11
were prepared as part of a polyisoprene latex re-
search program by G. S. Ronay, W. M. Sawyer,
K. E. Manchester, N. C. May, and W. C. Simpson
of these Laboratories. Electron microscope data
on two of these materials were made available
through the courtesy of A. M. Cravath of these
Laboratories.

ppendix

Turbidity R '@S i Polydisperse Suspensions.—
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With this choice, eg. 12 becomes
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National Bureau of Standards, Applied Math. Series 4, U. S. Govt.
Printing Office, 1948.

(16) W. S. Pangonis, W. Heller, and A. Jacobson, “Tables of Light
Scattering Functions for Spherical Particles,” Wayne Univ. Press,
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Calculated Turbidities of Monodisperse Poly-

isoprene Latices at Four Standard Wave Lengths
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Wave Iengtha
0.80 0.95

10 4 X
Diameter* 0.65
0.05 000745  0.00317
10 0548 0240
15 1584 0735
20 2980 1505
25 4364 2415
30 5688 3307
35 1236 4147
40 8061 9095
45 105 0118
20 119 123
20 1340 8245
00 1484 9148
05 1618 1.006
200 1745 1100
I 1865 1191
80 191 1.216
8 20% 1.359
20 2197 1.438
95 229 1513
oo 2.383 1.587
105 2469 1.660
110 2043 1.728
115 2614 1.789
120 2679 1.849
130 2786 1.964
140 2.865 2.059
150 2921 2.144
160 2.949 2.214
170 295 2.269
180 2932 2.314
190 2.893 2.341
200 2830 2.359
210  2.152 2.362
220 2659 2.354
230 2551 2.334
240 2431 2.303
250 2307 2.263
260 2113 2.213
270 2.036 2.157
280 1.900 2.090
290 1763 2.021
300 1626 1.943
340 1150 1.605
380 08232 1259
4.20 6600 0.9513
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540 1250 5125
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1. Introduction

Papers I15and 116 of this series were preliminary
to the present one; the earlier papers contain a
statistical thermodynamic treatment of water5
and of aqueous hydrocarbon solutions.6 The physi-
cal model and mathematical treatment, on which
the present paper is based, are given in those
papers.5-7

The conformations of proteins, as well as many of
their reactions, are determined to a large extent by
covalent disulfide bonds and by the non-covalent
interactions of the side-chain groups; the latter
include hydrogen bonds, hydrophobic bonds, and
ionic interactions. Although increasing attention

(1) This work was supported by the Office of Naval Research (Con-
tract Nonr-401(36)), by a research grant (E-1473) from the National
Institute of Allergy and Infectious Diseases of the National Institutes
of Health, Public Health Service, and by a research grant (G-14792)
from the National Science Foundation.

(2) Presented in part at the Brookhaven Symposium on Protein
Structure and Function, June, 1960 (Discussion following paper by
Klotz4, and in part before the Division of Biological Chemistry at the
138th National Meeting of the American Chemical Society, NewYork,
N. Y., September, 1960.

(3) General Electric Educational Fund, Charles E. Coffin Fellow
1957-1959, Cornell Senior Graduate Fellow 1959-1960, duPont Sum-
mer Research Fellow, summer 1958 and 1959.

(4) 1. M. Klotz, Brookhaven Symp. Biol., 13, 25 (1960).

(5) G. Ndmethy and H. A. Scheraga, J. Chem Phys., 36, 3382 (1962);
to be referred to hereafter as paper I, with (I-) denoting equations cited.

(6) G. N“methy and H. A. Scheraga, ibid., 36, 3401 (1962); to be
referred to hereafter as paper 1, with (11-) denoting equations cited.

(7) 1t will be necessary for the reader to consult paper Il for a full
understanding of the material present-ed in paper I11.

has been paid in recent years48-13 to the role of
hydrophobic bonds, i.e., the interactions involving
non-polar side chains, very little quantitative work
has been directed so far toward the elucidation of
their thermodynamic properties.D In the present
paper, a quantitative treatment of the thermody-
namic behavior of hydrophobic bonds and of their
role in protein structure is given.7

Since non-polar groups can interact with each
other and with the solvent only by means of van
der Waals forces, early discussions of hydrophobic
bonding considered it only in terms of these inter-
actions.145 However, it soon became recognized
that changes in the structure of water surrounding
the non-polar groups must play an important role
in the formation of hydrophobic bonds and in deter-
mining the free energy change for this process. 16T/

The interaction of non-polar groups with water is
unfavorable;  thus, there is a thermodynamic

(8) 1. M. Klotz, Science, 128 815 (1958).

(9) S.J. Leach, Rev. Pure Appl. Chem, 9, 33 (1959).

(10) W. Kauzmann, Advan. Protein Chem, 14, 1 (1959).

(11) H. A. Scheraga, J. Phys. Chem, 65, 1071 (1961).

(12) H. A. Scheraga, “Protein Structure,” Academic Press, New
York, N. Y., 1961.

(13) C. Tanford, “Physical Chemistry of Macromolecules,”
Wiley & Sons, Inc., NewYork, N. Y., 1961, p. 129.

(14) K. U. LinderstrOm-Lang, “Proteins and Enzymes,” Lane Medi-
cal Lectures, Stanford Univ. Press, Stanford, Cal., 1952, p. 57.

(15) D. F. Waugh, Advan. Protein Chem, 9, 325 (1954).

(16) W. Kauzmann, in “A Symposium on the Mechanism of Enzyme
Action,” W. D. McElroy and B. Class, eds., Johns Hopkins University
Press, Baltimore, Md., 1954, p. 73.

(17) J. G. Kirkwood, ref. 16, p. 16.
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tendency for non-polar groups to contact each
other (with an accompanying decrease in their
interactions with water), rather than remain apart
from each other and surrounded by water. Solu-
tion data for hydrocarbons and related compounds
(alcohols, quaternary ammonium salts, etc.) in
water indicate that the large positive free energy of
solution (corresponding to low solubility) arises
because the excess entropy of solution (over the
ideal mixing entropy) is negative, and not because
of an unfavorable enthalpy of solution. In fact,
many such solution processes are exothermic, but
nevertheless endergonic because of the large de-
crease in entropy. The large entropy loss, together
with the large observed partial molal heat capacity,
indicates that a change in the structure of water is a
crucial factor. The effect of non-polar solutes on
water structure has been discussed by Frank and
Evans,8 who introduced the concept of “iceberg
formation,” i.e.,, an increased ordering of water
around the non-polar solute, accompanied by an
increase in the degree of hydrogen bonding. This
accounts for both the negative entropy change (in-
creased ordering) and the negative enthalpy change
(increase in degree of hydrogen bonding). The
high heat capacity can be explained by the break-
down of the structure with increasing temperature.
A quantitative discussion has been given in paper
1«7

The most complete review so far of the important
factors in hydrophobic bonding has been given by
Kauzmann.D Though mostly qualitative in nature,
it contains estimates of thermodynamic param-
eters derived from solution data for hydrocarbons.
The basic concepts of his discussion, including the
emphasis on aqueous solutions of hydrocarbons as
model systems, as well as most of his conclusions,
are similar to those presented here. There is only
one important difference. Kauzmann gives esti-
mates for the transfer of side chains from water
into non-polar surroundings. On the other hand,

(IS) H. S. Frank and M. W. Evans. J. Crem Phys., 13, 507 (1945).
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an entire series of side chain interactions is possible
in proteins, as will be discussed here. Kauzmann’'s
treatment thus comprises a limiting case, as dis-
cussed in section 6c¢.

A different view of hydrophobic bonding is
adopted by Ivlotz.4819 While assigning an impor-
tant role to water in hydrophobic interactions, he
considers the ordering of water in a lattice around
non-polar groups as a stabilizing effect, in analogy
with gas hydrates.4 According to his picture, the
presence of many nearby non-polar side chains in a
protein should lead to a cooperative effect, stabiliz-
ing extended regions of ice-like water on the surfaces
of proteins. As discussed more fully in section 5,
the formation of such a structure is thermody-
namically unfavorable, according to the evidence
provided by the low solubility in water of hydro-
carbons and other molecules containing non-polar
parts.

2. Factors Affecting the Strength of the
Hydrophobic Bond

a. General Concepts.—In agreement with the
proposal by Kauzmann,Dwe consider the forma-
tion of a hydrophobic bond in a protein to consist
of the approach of two or more amino acid side
chains (previously surrounded by water) until they
touch (within their van der Waals radii) and
thereby decrease the total number of water mole-
cules in contact with them (Fig. 1). This can be
considered as a partial reversal of the solution proc-
ess discussed in paper 11, and the thermodynamic
parameters accompanying it are related to those for
solution.72D The magnitudes of the changes in the
thermodynamic parameters must be smaller than
for the solution process because, in general, the
side chains are not completely removed from aque-
ous environment on forming the hydrophobic bond.
When two or three side chains establish contact,
they still retain some water neighbors; hence it is
correct to use the term partial reversal.

Although the non-polar side chains can be con-
sidered as analogs of the small hydrocarbon solutes,
it would be incorrect to completely identify their
behavior with the hydrocarbon of identical carbon
skeleton, e.g., valine with propane. The presence
of the peptide backbone modifies the interactions
with the solvent; (i) fewer water molecules can
exist as nearest neighbors, and (ii) the extension of
cage structures is sterically limited, even around
small side-chains.

In analogy with eq. 11-19,7 the total standard
free energy of formation of the hydrophobic bond
can be written as

A = AFW + AFg° D
i.e., a sum of the contributions from the change

(19) 1. M. Klotz and S. W. Luborsky, J. Am. Chem Soc., 81, 5119
(1959).

(20) The formation of a hydrophobic bond might be considered
to be similar to a dimerization reaction. No analogous “dimerization”
can occur in aqueous solutions of low molecular weight hydrocarbons
at the low concentrations achieved experimentally; dimerization
would lead to a large loss of translational and rotational entropy for the
freely movable hydrocarbon molecules, and this makes the equilibrium
constant for the reaction very small. The corresponding degrees of
freedom of side chains on proteins always are restricted because the
side chains are attached to the bulky backbone; thus, side chains can
associate more easily.
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of the water structure and from the change in the
states of the side chains themselves.

Throughout this paper, the peptide backbone to
which the side chains are attached is considered
to be rigid and not to make any contributions, due
to changes in folding, to the thermodynamic pa-
rameters. In discussing protein reactions accom-
panied by chain unfolding, this has to be treated
separately.

b. Changes of the Water Structure—A side
chain not engaged in hydrophobic bonding is sur-
rounded by Fs water molecules adjacent to it.2l
The states of these molecules are described by the
partition function Zw° of eq. 11-20. On forming a
hydrophobic bond involving two side chains, aa
equal number of water molecules are removed from
the first shells around each of them, totalling AF8
They become part of the bulk water to which the
partition function Fw° (eq. 1-9) applies. The
value taken by AF8depends on the arrangement of
the side chains in the bond, as discussed in later
sections, and also, in the case of “multiple” bonds,
on the number of side chains participating in the
bond. Thus the total contribution of water to the
hydrophobic bond is

AFW = AYSFW - Fwo) @)

where Fw® and Fwec are obtained from the partition
functions Fw® and Zw®, given in papers | and II,
respectively. The value of AFw° is different for
aliphatic and for aromatic side chains because the
corresponding Fwc's are different. The computed
theoretical values of Fw°® — Fw°, the free energy
change (per mole of water undergoing the change),
can be expressed to within 1 cal./mole as a second
degree function of temperature

AFW/AF8= Fw° -
957 -

Fwc =
6.08T + 0.00824T2 (3)
in cal./mole for aliphatic side chains and

AFW/AFS= 703 - 4.35F + 0.00617T2 (4)

in cal./mole for aromatic side chains. From eq. 3
and 4, closed functions for the enthalpy and en-
tropy changes also can be derived by differentiation
(see section 3a), good to 5 cal./mole. At 25°,
they take the values: AFw°/AFs = —0.123 and
—0.046 kcal./mole, AHwW°/AYs = +0.23 and +0.16
kcal./mole, ASwW°/AF8 = +1.17 and +0.67 e.u.,
for aliphatic and aromatic side chains, respec-
tively.2

c. Changes of State of the Side Chains.—When
the hydrophobic bond is formed, AFSwater-hydro-
carbon interactions are broken, accompanied by
an energy loss of AYsErw (where + rw is the energy

(21) The physical meaning of YBis identical to that of the symbol Y°
used in paper Il, both referring to the number of; water molecules
nearest to the non-polar group or non-polar solute considered, respec-
tively. The new symbol was introduced here to emphasize that there
are differences, as discussed above, between side chains and freely mov-
ing solute molecules, surrounded on all sides by water.

(22) Complete numerical tables of these thermodynamic parameters
(for the transfer of one nole of water from the first water layer next to a
non-polar group into bulk water), as well as those of AFrot, AHrot, A$rot,
discussed below, are published elsewhere.3

(23) G. N&methy, Ph.D. Thesis, Cornell University, June, 1962.
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of water-solute interaction?, and ZR hydrocarbon
pair (i.e., CH3...CH3 CH2...CH3 or CH2. ..
CH2 interactions are introduced, with a total
energy gain of ZrEr:m One-half of the AFsArw
term already has been included in the partition
function for water by means of the energy level
shifts discussed in paper 117, therefore, only half
of it has to be included in the free energy contribu-
tion of the side chain. The total contribution of
the side chain to the free energy of formation of
the bond is then

AFs® — ~ (1/2)-ErWAF8+ ZRER + 2 AFrot (5)

The last term represents an increase in free energy,
arising because internal C-C bond rotations in the
side chains are restricted more severely than in the
absence of the bond, as discussed below.

Zr depends on the extent of contact between the
side chains and has to be determined from the ar-
rangement of the side chains in the bond. For a
bond between two side chains, it will be equal to or
slightly smaller than y2AF8; a CH3group is
slightly larger than a water molecule (in terms of
van der Waals radii), a CH2group is approximately
equal to it.

The values of the two constants A'rw and ER
in eq. 5 can be taken from paper Il. There Vi
Frw was found to be —1.031 kcal./mole for ali-
phatic, and —0.16 kcal./mole for aromatic groups.
The latter value represents an average of the inter-
actions with water molecules over various parts
of the aromatic ring. For pair interactions be-
tween aliphatic groups, ER = —0.15 kcal./mole
was used. This value agrees with the increments of
-Err for homologous series in paper Il and with
theoretical calculations of Corner. The value of
E r to be used for aromatic groups is somewhat un-
certain. A larger value, ER = —0.50 kcal./mole,
was estimated. This reflects the assumption that
aromatic side chains may prefer to lie flat against
each other (c/. section 3c), resulting in a large sur-
face of contact and an increase in the number of
interacting C . . . C pairs.

The two first terms of eq. 5 represent van der
Waals interactions. Because a considerable part
of AFnh/ arises from changes in the water structure,
as given by AFw°, the van der Waals interactions
themselves contribute only part of the total energy
of formation of the hydrophobic bond (cf. 10, 16,17).

d. Restriction of Internal Bond Rotation.—
The formation of a bond between side chains puts a
limitation on their internal degrees of freedom.
This question has been discussed earlierZ in con-
nection with the theoretical treatment of side-
chain hydrogen bonding. There it was shown that

(24) In paper 11, the corresponding term for hydrocarbon-hydro-
carbon interactions was denoted by r « . representing the total van der
Wiaals interaction energy of a molecule with its neighbors in the pure
liquid. Here, the van der Waals interaction is considered to be the
sum of effective pairwise interactions, Er, i.e., it is given by a term
ZrEr. The assumption of additivity is not rigorously correct.s In
the present approximation, Er is to oe considered as an effective pair-
wise interaction, already incorporating corrections for the deviation
from additivity.

(25) F. London, J. Phys. Chem, 46, 305 (1942).

(26) J. Corner, Proc. Roy. Soc. (London), A192, 275 (1948).

(27) M. Laskowski, Jr., and H. A. Scheraga, J. Am. Chem Scc., 76,
6305 (1954). E
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only the internal rotations (active as torsional
oscillations about single covalent bonds) are af-
fected by side-chain bonding. It was stated that
ihese rotations may be frozen in almost completely
in the case of hydrogen bonding, resulting in an
entropy loss of about 5 e.u. per covalent bond in the
side chains involved.

The internal rotations of non-polar side chains
are influenced by several factors which reduce the
entropy loss to a value much smaller than 5 e.u.
(i) Even in the absence of a hydrophobic bond,
the torsional oscillations of the side chains must be
considerably restricted, since the side chains tend
to fold against the backbone in order to reduce the
number of water contacts.B8 If the bond rota-
tions were not so restricted, this would cause an
increase in the number of contacts with water in
some conformations, (ii) On forming a hydro-
phobic bond, the restriction of the internal rota-
tion does not have to be quite as severe as for the
hydrogen bond. The latter must be essentially
linear due to its partial covalent character, and its
bond length is fixed. Neither bond angle nor length
are uniquely fixed for the hydrophobic bond.
The relative orientation of the non-polar groups in
contact is unimportant, and even the degree to
which the side chains overlap can vary. As aresult,
a certain amount of motion, causing some sliding
of the side chains past each other, is permissible.
The amplitude of the vibrations is always small;
therefore, the thermally permitted amount of tor-
sional oscillations cannot cause much change in the
extent of contact of the non-polar groups in the
hydrophobic bond.

From a consideration of potential functions for
various carbon-carbon single bonds in hydrocar-
bons, it has been foundZ that the torsional force
constant r is approximately 5 kcal./rad.2 Since
RT = 0.6 kcal./mole at room temperature, only a
low amplitude torsional oscillation about the
carbon-carbon bonds is possible within the tem-
perature range considered here, even in the ab-
sence of hydrophobic bonds. Treating these oscil-
lations as harmonic vibrations, their frequency can
be found asZ

where Ir is the reduced moment of inertia around
the single bond. The partition function for
such an oscillation is given by an Einstein function

e~hKT) - 1 @)
—RT In 2rot 8)

*rot = (1 -
Fiat ~ Arot =

On formation of a hydrophobic bond, I Tremains
essentially the same as before, except in some cases
noted in section 2e. Therefore any change in the
freedom of bond rotation must arise from a change
in r. Were a side chain, engaged in a hydrophobic

(28) For this reason, it is permissible to neglect the distribution of

conformations among the various potential minima: the deepest
minimum will correspond to the folding of the side chain against the
backbone. A small entropy contribution corresponding to the dis-
tribution in the various minima may be cancelled by a similar term
for the hydrophobic bond which is not completely rigid.

George Némethy and Harold A. Scheraga

Vol. 66

bond, to rotate past the potential barrier into a
new minimum, it would have to break the hydro-
phobic bond in addition to overcoming the usual
barrier to rotation. Thus the effective rotational
barrier is raised by the amount corresponding to the
strength of the hydrophobic bond. That is, when
the bond is formed

T= To+ T 9)

where r' corresponds to the steepening of the po-
tential function due to the increase in the height
of the potential barrier, and rOis the force constant
in the absence of the bond.

» In calculating AFrat of eq. 5, a term of the form
rtf eq. 8 has to be included for each of the k single
bonds whose rotational freedom is affected by the
hydrophobic bond

AFrot =
2 [Frot(FT0-bonded) — Frot(unbonded)] (10)
K

The rotation of CH3groups, which are nearly spheri-
cal, is unaffected by hydrophobic bonding, so they
do not have to be considered in determining k

Preliminary calculations have indicated that, for
hydrophobic bonds of maximum strength between
two side chains, AFh/ ranges from —0.5 to —1.8
kcal./mole (cf. section 3a). Based on these values,
AFrot was calculated for all side-chain pairs using a
constant value for the change in the force constant,
substituting « — 1.2t0in eq. 7 except where noted
otherwise. This corresponds to a 9% change in v.
The values of h used and values of AFrot at 25° are
given in Table 1.2 A refinement by means of
successive approximations for determining r' is
not warranted because AFrot is not sensitive to small
changes of t', and hence the improvements in
AFH@would have been smaller than the limit of
precision of the over-all calculation (see section 2f).
Also, a larger error is introduced by the inherent
uncertainty of wOitself, because Vo >> AFnh/1 VO
is the height of the potential barrier, corresponding
to TO

AFrot arises essentially from a decrease in entropy
due to the restriction of rotation. The corre-
sponding enthalpy decrease is very small, below
0.02 kcal./mole in all cases. The AFrot values in
Table I correspond to an entropy loss in the range
of O to 1 e.u. per side chain, in contrast to 5 e.u. per
single bond for hydrogen-bonded side chains.Z

e. Amino Acids Considered and Structural
Parameters.— Detailed calculations have been per-
formed for eight amino acids, listed in Table I.
Six of them possess hydrocarbon-like side chains,
so the model applies to them directly. Methi-
onine and cysteine also are sufficiently non-polar
so that they interact in a similar way with water.
This is indicated by the existence of crystalline
hydratesd2 of HXS, CHXH, and (CH32. Differ-
ences in the interactions with water between the
CH2group and the sulfur seem to be small and have
been neglected in determining AFsQ®

(29) M. v. Stackelberg and H. R. Miiller, Z. Elektrochem, 58, 25
(1954).

(30) Reference to the carbon atoms of the side chains in the subse-

quent discussion is intended to apply to the sulfur of methionine,
cysteine, and cystine, too.
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Table |

Structural Parameters for Amino Acid Side Chains Participating in Hydrophobic Bonding

Side chain Abbrev. Structure
Alanine Ala —CH,
/ CH,
Valine Val —CH
\
CH,
CH,
Leucine Leu —CH,—CH
CH,
/ CH,—CH,
Isoleucine lieu —CH
CH,
Methionine Met —CH,—CHr-S—CH,
Cysteine CySH —CH,—SH
—(N)--—----m—-- CH,
Proline Pro —<CH) CH,
\ /
CH,

Phe - ch2< ~ 3

alue for unbonded side chain.

bonds with valine and leucine (see discussion in text).

Other amino acids to which the discussion is
relevant are cystine and tryptophan. The side
chain of cystine is similar to methionine in size and
structure. Its ability to participate in hydrophobic
bonds is limited by its lesser flexibility and by the
steric restrictions imposed by the presence of two
backbones to which it is attached.

Tryptophan, of less frequent occurrence in pro-
teins3l and hence of smaller importance, may par-
ticipate in interactions similar to phenylalanine.
Part of the tryptophan side chain has some polar
nature due to the NH-group. The bulkiness of the
side chain may make accommodation difficult to
fit maximum bonding conditions. The net inter-
action with other groups (except possibly in the
case of two suitably oriented tryptophans) will be
of the same magnitude as for phenylalanine, so the
bond strengths listed for the latter are applicable.
These ten amino acids constitute 35 to 50% of the
residues in many proteins.3L

The number of water molecules in the first layer
around each side chain, denoted by Fs, is listed in
Table 1. It was derived from molecular models,
by observing the packing of water around the side
chains, including the a carbon. Its value may fluc-
tuate somewhat.2 The value chosen takes into
account that side chains must prefer conformations

(31) G. R. Tristram, in “The Proteins,” H. Neurath and K. Bailey,
ed., Academic Press, New York, N. Y., 1953, Vol. 1A, p. 181

(32) The fluctuations are caused by the melting and formation of
the water clusters, since the densities of clusters and of unbonded water
are different. Density changes with temperature cause 7 s to be tem-
perature dependent, too. For the side chain sizes considered here, the
change of 7 s with temperature is too small to be significant within the
precision of the model.
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AFrot at 25°

() K H» keal/mole

8 0 — 0
12 1 74.4 0.05
13 2 74.4, 240' 0.15
13 2 37.2, 140 0.10
15 3 53.1, 200, 400* 0.28, 0.15'
10 1 101 0.05
12 0 — —

15 2 89.0, 520 0.09

PheYrvlaIanine

includes the water molecules next to the a-carbon. bU_nits for |T length in A., mass in terms of unit atomic_weight.
For groups in a hydrophobic bond, 200 was used instead of 240 (see discussion in text).

alue for unbonded side chain or in bonds with valine and leucine.

For other bonds, 250 was used instead of 400. *For

in which they are folded against the backbone, if
possible.

The reduced moments of inertia, 7r, can be calcu-
lated from molecular dimensions, assuming the
moment of inertia of the whole protein molecule
(for these rotational motions) to be infinite.Z
The calculation has to be approximate, because Ir
for a given bond depends also on the orientation of
the groups around bonds which are further re-
moved from the backbone.Z The values listed in
Table I therefore in most cases are to be considered
as averages for various conformations. In deter-
mining them, account was taken of the condition
mentioned above, namely, that the side chain must
prefer conformations bringing it close to the back-
bone. On forming ahydrophobic bond, the values of
ITdo not seem to change significantly, as judged
from consideration of molecular models, so the same
numerical values were used in most cases for bonded
and unbonded groups. Changes had to be intro-
duced only in the case of leucine and methionine:
except for methionine in the Val-Met and Leu-Met
bonds, the formation of bonds of maximum strength
requires a large change in the conformation of
the leucine and methionine side chains. This was
taken into account by changing the value of Ir
for the rotation affected (Table I).

f. Precision of the Calculations.—zr, Fs, and
AF8 were estimated to the nearest integer. The
numbers given are averages, with some fluctuation
possible, so they may be inerrorby + 0.5unit. Such
an error in AF8causes an error of about 0.06 kcal./
mole in ATh/ near room temperature. Uncertain-
ties in Erw and Er can give rise to errors of a
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similar magnitude. The free energy contribution
from the change in water structure (Aw0 — Awc)
can be considered as accurate within 2-3% accord-
ing to the results presented in paper Il. The un-
certainty in the values of AArct is within 0.03 kcal./
mole.

Considering these limits on the accuracy of the
results, the calculated free energies and enthalpies
of formation of the hydrophobic bonds are signifi-
cant only to within 0.1 kcal./mole. The calculated
values have been rounded off correspondingly in
the subsequent tables. 0.1 kcal./mole in AARn/
or A//n/ corresponds to a possible error of 0.3 e.u.
in A<Sn/. The entropies in the tables therefore are
given to the nearest tenth of an e.u., although this ex-
ceeds the true accuracy somewhat.

Due to the non-specific nature of hydrophobic
interactions, a variety of different hydrophobic
bonds can exist. The above general considerations
apply to all cases. For further details, they have
to be discussed separately.

3. Hydrophobic Bond between Two Isolated
Side Chains
The hydrophobic bond between two isolated

side chains is the simplest case of such bonding. It
is formed by the interaction of two side chains,
which are attached to rigid peptide backbones, and
surrounded by water before the bond is formed.
That is, there are no other side chains sufficiently
close to interact with the two side chains forming
the bond or to affect the water structure signifi-
cantly, either before or after the formation of
the bond. With this postulate, a basic assump-
tion made in the treatment of hydrocarbon solu-
tions in paper Il is still rigorously valid: viz., the
solution is sufficiently dilute so that each water
molecule can have at most one hydrocarbon neigh-
bor. Consequently, the treatment of paper Il
can be used here without qualifications.

The formation of the hydrophobic bond takes
place as pictured in Fig. 1. The two side chains
approach each other and establish as many con-
tacts as possible; at the same time the total num-
ber of water molecules in the first layer is dimin-
ished. The maximum amount of “overlap” is
determined by the nature of the two side chains.
If the chains are free to do so, they will form a bond
in which AFSand Zr are made as high as the re-
quirements of packing will permit. Structural
conditions, such as the presence of other interac-
tions or steric restrictions, may prevent the forma-
tion of a bond of maximal strength. Other inter-
actions may keep two peptide chains at a fixed
distance, larger than the optimum for the two side
chains in question; therefore, these can form only a
weaker hydrophobic bond. Side chains on adjacent
turns of an a-helix may be cited as an example.
As a result, an entire range of hydrophobic bonds
of various strengths is possible for a given pair of
side chains, from the maximum bond to a bond of
minimum strength. The latter is formed when the
two side chains are just able to touch each other.
In the following sections, calculated maximum and
minimum values are given for the bond strengths.
The free energy of formation of the bond is ob-
tained by substituting eq. 2 and 5 into eq. 1to give

Ceorge Németiiy and Harold A. Scheraga
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AA,l = AVS(Aw® - Awc) + ZrEr -

(1/2)AFArw + ZAArot (1)

where the sum is taken over the corresponding As of
both side chains.

a Bonds of Maximum Strength.—These can be

formed by two side chains which are free to ap-
proach each other. Illustrative examples are
given in Fig. 2 (B to D). AF8and ZR, listed for
various pairs in Table Il, are in this case deter-
mined by the nature of the two side chains only.
The tabulated values were determined from molecu-
lar models. The thermodynamic parameters for
the formation of the various bonds at 25° are
shown in Tables 111 to V. Tables of the parameters
at other temperatures have been published else-
whereZfor various pairs of side chains.

Table Il

Parameters Describing Hydrophobic Bonds of

M aximum Strength between Isolated Side Chains

Bond an - .a o

Ala-Ala fh B0 243 003
Val Lo 0 241 0330
-Leu Loz 30 <238 030
lieu b2 %0 -240 0330
Met b, 30 233 030
CySH 4 2 30 241 0330
-Pio b, 30 <243 030
Val-Val s 3 580 362 .09
Leu o 3 b0 -358 4%
lieu s 4 700 182 06R0
Met s 4 70 4810 0660
CySH 5, 460 301 04D
o s 3 580 -363  04%5
Leu-Leu o 3 50 -35.4 045
lieu s 4 10 478 0660
Met s 4 100 476 0660
CYSH 5 . 480 298 M2
-Pio s 3 B0 360 040
lolles 05 gB0 010
o b ol0 595 082
CySH 5 5 40 290 04D
-Pfo s 4 70 483 .06k0
Met-Met w5 Oll0 -58.9 .08
CySH 5 5 480 293 D
-Bio s 4 T 477 0660
CSEQYSH 42 30 200 03
B0 4 o 30 242 03

Pro-Pro s 3 5500 366  .049%

Phe-Phe 2 s B0 516 0740

Phe-Ala" > 1 B -0, 0l
Val s 3 40 308 049
-Leu o 3 40 3014 043
lieu s 4 600 410 0576

Met e 46 404 0576

CySH 4, 30 203 0088

Pro SRR
[

=6 ¢

€CalSe

Qacst Baﬁween

AAR/ can be expressed in closed form as a fune-

e, TP oAl s
€ (WO SIde chains.
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Table 111

Standard Free E nergy of Formation of Hydrophobic Bonds of Maximum Strength between |Isolated Side Chains
at 25° (Kcal./M ole)

Ala Val Leu lieu Met CySH Pro Phe
Ala -0.7 -0.6 0.5 0.6 0.4 0.6 0.7 0.2
Val - 0.6 0.9 -0.8 1.2 11 0.7 1.0 0.6
Leu -0.5 -0.8 -0.7 1.1 1.0 0.6 0.9 0.5
lieu - 0.6 -1.2 -1.1 -1.5 -1.3 -0.6 -1.2 -0.8
Met -0.4 -1 -1.0 1.3 11 0.4 1.1 0.6
CySH - 0.6 -0.7 -0.6 -0.6 -0.4 0.6 0.6 -0.4
Pfo -0.7 -1.0 -0.9 1.2 1.1 0.6 -1.0 0.7
Phe - 0.2 0.6 0.5 0.8 0.6 0.4 0.7 1.4

Table |V

Standard Enthalpy of Formation of Hydrophobic
Bonds of Maximum Strength between |Isolated Side

Chains at (Kcal./M ole)

Ala Val Leu lieu Met CySH Pro Phe
Ala 07 07 07 07 07 07 03
Val J L1 a0 15 15 10 1 9
Leu J 11 1 14 14 10 1 9
lieu d 15 14 158 18 10 15 12
Met J 15 14 18 18 10 1h 12
CySH 7 10 10 120 10 07 07 os
Pro J L1 10 15 15 7 1 9
Phe 309 09 12 12 e 09 8

Table V .

Sta,:\/ldard Entsropy of Formation c;f HydropgobicCBonds HSEII e(ﬂz e| ”:'I (;ias‘b(r% Fe H']B C%Sa”%f S EF:H%%?&C%H%O%?é
of aximum Strength between l|Isolated ide hains

Ala Val Leu o Ii2eSu (El\l;ljet) CySH Pro Phe ﬁ% ?II:UCtarﬁ ?f:l rel u dm/e r [ﬁ"eea ﬁ Se gcc- I[Iln¥g
Al 47 45 42 44 37 45 47 17 dfanng n aﬁ te.{ne arrangem tP S. alaning=

d : ‘ - ' - ' ‘ andn hond (minjmum I 0leucine-1sole cmg
Vi 45 67 64 59 B7 55 60 51 fndmaimimsy HA R il e E ting bon
leu 42 64 6o 85 84 52 65 47 maa; stren 2 D, alanine-phe I lanine
lieu 44 89 85 111 104 54 91 s ond"(maximum stre
E\:AESI’H 2% %g %‘21 gj: ?1% Z‘Z gg gé kcal./mole for the entire temperature range, r/r0 =
p% 4'7 6'9 6.5 9'1 84 4'5 71 5'2 1.05 was used in determining AFrot. For the small
Phe 1'7 5'1 68 6'1 3'2 5'2 7'5 r/ T AFrot does not depend significantly on the
) ' ' ' T X ' type of side chain, but only on the number, 2k, of
tion of the temperature as shown in equation 12 bonds restricted. Hence, it can be expressed as
AF.; -=a+ bT + cT2 (12) AFrt = -(1 - 0.05T) 2 « (16)

in cal./mole. The coefficients a, b, and c for all

pairs are listed in Table Il. They were obtained
by fitting eq. 12 to the numerically computed
values of AFh* at 0, 25, and 50°. Equation 12
reproduces the computed values of AFh/ over the
whole temperature range from 0 to 70° with a de-
viation of less than 5 cal./mole.

The other thermodynamic parameters can be
derived from AFh/ las

for all side-chain pairs. The thermodynamic pa-
rameters are given in Table VI for 25°. For other
temperatures, they can be determined from eq.
12 to 16, substituting for the coefficients a = 1830
— 2k, 6= —122 + 0.05 2k, and ¢ = 0.0165 for
bonds between aliphatic side chains; a = 1580 —
2k, b= —10.3 + 0.05 2k, and ¢ = 0.0144 for bonds
involving phenylalanine.

Table Vl
AffH = a- cT2 (13) Thermodynamic Parameters for the Formation of
A/Sh’ﬁ): —b- 2cT (]_4) Hydrophobic Bonds of Minimum Strength between
' Isolated Side Chains aAt 25°
(Agp)h* = - 2cT (15) Bond typ kcal /mole kcgll./mole AE?B."”’
In determining AFrot, r/to =1.2 was used for all  Between arphanc - 0.4 211024
bonds with the exception of the weak phenylala- Slde chains
nine-alanine bond, for which /10 = 1.05 was used.  Involving Phe - 0.2 3 1.6 10 1.7

b. Bonds of Minimum Strength.— Such bonds
are formed when the two side chains can barely
The same parameters, AFS= 2
Since
all bond strengths fall within the range of 0 to —0.5

touch (Fig. 2A).
and Zr = 1, have to be used for all bonds.

c. Bonds between Aromatic Side Chains.—
In determining the number of water molecules
in the first shell around the phenylalanine side
chains, Fs, it was assumed that the side chain takes
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up a conformation approaching the backbone as
much as possible, making F3a minimum. Thereby,
one of the flat surfaces of the ring is only partly
exposed to water. When forming a hydrophobic
bond, this folding must be maintained approxi-
mately; otherwise AFSmight be reduced.

In the Phe-Phe bond of maximum strength, the
two benzene rings were assumed to lie flat on top
of each other to give a maximum of AFSand Fr
(Fig. 2D). Such a maximum bond could be
achieved only with a very favorable positioning
of the two backbones.

The minimum interaction involves just one CH-
group of each side chain.

d. Bonds between an Aliphatic and an Aromatic
Side Chain—In this case, half of the water mole-
cules removed from a first layer next to a non-polar
group originate next to an aliphatic side chain,
one half next to an aromatic side chain. In com-
puting the free energy of formation, eq. Il has to be
modified to take this into account, giving the new
expression

AFV = AFW -
+ ZRER -

(H/2)[/V (al) + Fw°@@nil
(H2)AFs{(l/2)[1?Rw(al) +
m®Rw@r)]l + 2AFrot

The hydrocarbon-hydrocarbon interaction now
isgiven by Er = VU R(al) X -ZR(ar). The remarks
concerning the orientation of the phenylalanine
side chain, made above, hold for this case, too.

e. Effects of Temperature.—For the formation
of the hydrophobic bond near room temperature,
AFn/ < 0, ASh*0> o, but Alln/ > 0. The un-
favorable enthalpy of formation is more than
counterbalanced by the positive entropy, resulting
in a favorable free energy. Thus, it is seen that
the entropy is the most important factor in stabiliz-
ing the hydrophobic bond, due to the changes in
the water structure.

As an illustration, the thermodynamic param-
eters are given as a function of temperature in
Table VII for the leucine-isoleucine bond. The
temperature dependence for other bonds is similar.
Numerical values for them can be obtained with
the aid of eq. 12 to 15 and Table I1.

The calculations have been limited to tempera-
tures below 70°, because the model for water itself
is no longer valid at higher temperatures, as shown
in paper I.
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Table V”

Thermodynamic Parameters for the Formation of a
Leucine-lsoleucine Hydrophobic Bond of Maximum

Bond Strength

,OC. keAali.r/]ﬁ%le kcgr/mf)qe Aéauﬂj
N o 20 10.4
20 " 1.05 16 92
25 - 1.09 .As 8.5
Gl ") 78
4) ) 0.8 6.5
50 -1.26 0.4 5.1
60 13, -0.1 3.6
10 134 0.6 2.1

George Némethy and Harold A. Scheraga

Yol. 66

At high temperatures, both Alls/ and A$h/ ap-
proach zero. The enthalpy of formation even be-
comes negative above 56-58° (42° for phenyl-
alanine-phenylalanine). This occurs because the
solubility relationships at high temperatures,
where the water structure breaks down, will be
determined mainly by the interaction energies.
This causes the enthalpy term to predominate
and, because water-water interactions are the
strongest, will result in a large negative ARY>°-

The endothermic nature of the formation of
hydrophobic bonds causes them to become stronger
with increasing temperature up to 58° (or 42° for
Phe-Phe bonds). This has important implications
for the thermal stability of proteins, which have
been discussed elsewhere.3

The change in heat capacity for hydrophobic
bond formation is negative, i.e., of the opposite
sign as Acp for hydrocarbon solutions. It becomes
more negative with increasing temperature. Us-
ing eq. 15, it can be seen that it takes values from
—10 to —50 cal./deg./mole at room temperature
per side-chain pair.

For bonds involving aromatic side chains, both
Ai?H0Oand ASh«® are much more positive than for
aliphatic bonds, resulting in a smaller value for
IAFhC® | This parallels the solution process.

4. Hydrophobic Bonds in Typical Protein
Structures

The possible contribution of hydrophobic bonds
to the stabilization of various protein conforma-
tions can be determined by the application of the
results of section 3.

a. The a-Helix.—-A given side chain on the
helix may interact with the side chains nearest to
it in space. These are the next groups along the
backbone chain, and the ones on the next turn
of the helix, i.e., the third and the fourth along the
sequence. In the subsequent discussion, the atoms
of the various side chains are identified in the
following manner: the carbon atoms along any
side chain are denoted by greek letters, the a-
carbon being part of the backbone; the separation
by residues along the sequence, counting the residue
under consideration as zero, with the numbers in-
creasing toward the N-terminus, is given by sub-
script numbers.

In each side-chain residue, the positions of the a-
and /3-carbons are fixed. The position of other
atoms of the side chains is variable, depending on
the orientation of the side chain, and is subject
to the restrictions imposed by fixed bond lengths
and angles. Additional restriction is placed on
the bending of the side chains by steric hindrance
of the backbone atoms. This restriction is quite
severe, ruling out many conformations, and must
not be disregarded when studying side chain inter-
actions.3} The minimum distances to which atoms
on various side chains can approach are listed in
Table VIII. The van der Waals radius® of the

(33) H. A; Scheraga, G. N*methy, and |. Z. Steinberg, J. Biol.
chem., 237, 2506 (1962).

(34) The interatomic distances of Table V111 and the possibilities of
hydrophobic bonding in the a-helix were determined with the aid of
Courtaulds—Ealing space-filling atomic models.

(35) L. Pauling, “The Nature of the Chemical Bond,”
University Press, Ithaca, N. Y., 1960, 3rd ed., p. 260.

Cornell
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CH3or CH2group is 2.0 A. Therefore an approach
of 4 A. (center-to-center) is necessary for a strong
non-polar interaction. The van der Waals radius
of sulfur is 1.85 A., so the following considerations
apply to it, too, as a good approximation. It can
form essentially the same bonds as a CH2group,

and is able to approach even closer than 4 A. in the
cases marked b in Table VIII. Ifothe center-to-
center distance exceeds about 5.5 A., water mole-
cules can be packed sufficiently closely between
the side-chain groups so as to form a complete inter-
mediate layer. At distances of 4 to 5.5 A. a small
empty cavity remains. Although the number of
water molecules in the first layers has been reduced
even in this case, the van der Waals energy gain is
smaller and therefore such an arrangement leads
to a somewhat weaker hydrophobic bond.

Tabie VI

Distance of Closest Approach of Atoms on Various
Side Chains in a Right Handed «-Helix Composed of
1-Amino Acids

Atoms 4 (A.) Remarks  Atoms d (A) Remarks
AI|?hat|c side chains
70‘ 1 <Z‘:-8 [} R<r<X4 gg a
70_8i . b.c Ro R& . a

_71 <40 b,c 70-& 5.2
5081 <4.0 b,c 70'74 4.3 ¢
G;)@ 50 a 70-84 <4.0 b.,c
Ro~0iS 38 a,c 80—"4 4.5
B<)~Rz 50 a 80-74 <4O b.,c
Bo-y* 55 <40 . b.c
70<3 4.5 AI|P]hat|c -aromatic side

chains
ycrBs 52 BZO‘f’t 5.1
70-73 52 Bz07i 40 c
70'53 40 c.e B za5i 4.0 ¢
8«3 40 <o Bzo—is 54
50—z 50 BZO-83 40 c
80-73 4-2 c.d,e BZOTA 55
60-83 <40 e Bz0ft 4.8
(qe¥eu} 6.0 BZO 74 <4.0 b
<4, 0
D|stance fixed B}/ the structure the. .

!)| Et cases, e st[ances gIVQF are e m|n| ao taln-
2 lert\)’\elllch SU%EalBe? ik % the § h e va erW
%? not 6y ?rgﬂ tau(?ﬁs (?ue t Qw prien aﬁw
[ e ChEH c bsa e 80 [es S 0t ormatl
S 10NnS <<

rqn ydro
oasgoﬁ&arl% rcghrﬁg t%%%ﬁlrjss%ultaneﬁouiw Iterac-

Hydrophobic bonds are possible involving the
pairs of atoms marked cin Table VIII. A side chain
can bond to only one of its neighbors, and usually
only one of the interactions listed in the table can
be realized, with the following exceptions: do-a3
always has to occur; the pairs S¥a3and 70 73,
70-74 and <54 7064 and & 74, Bzo-74 and Bz(0
64, Bz0 7i and BzG5i may occur simultaneously.
Two phenylalanines can interact only by a weak
Bz0/3i bond without unfavorable rotation of the
two side chains.3d An example of a 60-74 bond be-
tween a leucine and a valine side chain is given in
Fig. 3.

(36)
are possibl
radius 2.0

only on the edge of the ring, where the van der Waals
is applicable.

Thermodynamic Properties of Hydrophobic Bonds in Proteins

Interactions of the phenyl group, denoted by Bz in Table VIII,
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s the e Teucme-vall e?lg
eqbsmon of 0 eEams is In. dlca .
RGN Ll 8 e
Bn Ulﬁ V@ B e %r%qs nt et\/\gsﬁec ains m-
| g(ﬁ X%ro ho oo ec%r\ﬁ/ t(?“ carbons carrying them

Thus it can be seen that valine is barely able to
make minimum contact with other side chains by
means of a 7-7 or 7-6 interaction, characterized
by AFS= 4 and Zr = 1 Longer side chains can
make more contacts, up to AFS= 5 and =2
for 0-3 interactions with suitably long side chains
as their partners, and AFS= 6 and Zr = 2 for 0-4
or 0-1 interactions. These interactions are weaker
than the maximum bond strengths discussed in
section 3a for these side chains. AFh*0 may be
about -0.4 to —0.7 kcal./mole, depending on the
side chains involved.

Methionine, having a fifth atom in its side chain,
or lysine (see section 7), can in general make one
more contact with its neighbor, contributing a
further —0.3 kcal./mole to AFh/, approximately.

The bonds mentioned above can be formed only
if both side chains can take up the most favorable
orientation, and are not engaged in other inter-
actions. When two side chains are not bonded to
each other, they are in general separated by a single
layer of water molecules. This case will be dis-
cussed in section 5.

In an a-helix consisting of d- and L-amino acid
residues, the orientation of the side chains allows
much stronger hydrophobic bonds to be formed
than in the helix containing all 1- or all D-amino
acids. Such interactions on a poly-D,L-alanine a-
helix have been discussed by LinderetrOm-Lang.¥
For this case, AF8= 4 and Zr = 1 have to be used,
since the backbone itself contributes to the steric
exclusion of water around the methyl groups.
The free energy of the bond can be expressed as

AFh/ = 3800 - 24.3T + 0.033072 (18)
(87) K. Linderstrom-Lang, Acta Chem Srand., 12, 851 (1958).
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A discussion of the thermal stability of this poly-
peptide has been presented elsewhere.3

b. Pleated Sheets (/3-Configurations.)—The two
pleated sheet structures proposed by Pauling and
Corey3allow extensive hydrophobic bonding. In
both, the side chains are alternately above and
below the peptide sheet along each main chain.

In the antiparallel chain pleated sheet, the
distance between similarly oriented groups along the
chain axis is 6.68 A. (Measured between the ..
ot B-carbons.) In the perpendicular direction, the
nearest «-carbons are at 4.6 and 4.9 A., with the
corresponding /3-carbons at 3.9 and 5.6 A. The two
lateral distances alternate. A diagrammatic rep-
resentation is given in Fig. 4A. Each side chain can
form a hydrophobic bond with one of its neighbors
with at least a-a and /3/3 contacts, with param-
eters AFS= 4, Zr = 2. If the side chains are
longer, the y (and d) carbons also can approach
each other to within 4.0 A., making the bond
stronger. Some weakening occurs because da-a >

4.0 A. The pairs of lateral side chains and the
chains along the chain axes are separated by one
water layer. The hydrophobic bonding contributes
a free energy of —0.6 kcal./mole per bond, or —0.3
kcal./mole per residue for bonds involving alanine
at 25°, with a higher value for longer side chains.
For these, the increment in AFurJlfor each addi-
tional pair of CH2groups in contact is about —0.3
kcal./mole.

In the parallel chain pleated sheet, the distances
between the «-carbons of two similarly oriented
side chains are 6.68 A. along the chain axis and 4.73
A. laterally. The distances are the same for the
corresponding /3-carbons. Along the chain axis,
the side chains are separated by one water layer,

(38)
729 (1951).

George Némethy and Harold A. Scheraga

L. Pauling and R. B. Corey, Proc. Nail. Acad. Sci. U S, 37,

Vol. 06

but a water molecule cannot fit between the /3
carbons, perpendicularly to the chain. Laterally,
each side chain forms a hydrophobic bond with
both of its neighbors The bond is similar to that
discussed in the case of the antiparallel chains,
except that it is weakened due to the increased
separation of the side chains. Its strength is be-
tween —0.5 and —0.6 kcal./mole per bond. Here
this is also the value per residue for extended sheets
(neglecting edge effects). With longer side chains,
the bond strength is increased as in the previous
case.

In both pleated sheets, additional bonds may be
formed by leucine, isoleucine, or longer side chains,
through bridging the gap to the /3-carbon of the next
residue along the same main chain, or between the y-
carbons of two valines next to each other along the
same main chain.

Thus, the hydrophobic bond is of impor-
tance not only for the «-helix but for other
structures as well, Due to the large number and
greater strength of the hydrophobic bonds in the
/3-structures as compared with the a-helix, the
former can receive more stabilization from them,
and the temperature dependence of the strength of
hydrophobic bonds3 may assume a higher impor-
tance in their case.

This may provide an explanation® of the obser-
vation by Rosenheck and Doty® that a-helical
poly-L-lysine at pH 10.8 is converted into the 13
form, with accompanying association, as the tem-
perature is increased. The e-amino groups are un-
charged at this pH, and so the side chains can
participate in strong hydrophobic bonding (c/.
section 7); in addition to the «- and /3-carbons,
there are three more CH2groups, of which at least
two can form bonds, possibly even three if the
NH2 groups do not interfere strongly, (AFS =
8 to 10, Zr 4 to 5) At 25° this may
give at least AFh/1 = —1.4 kcal./mole per
bond, i.e, —1.4 or —0.7 kcal./mole per residue,
depending on which type of sheet is formed, not
counting possible additional bonds between side
chains along the same backbone. The corre-
sponding enthalpy is AHhP = 1.8 kcal./mole per
bond at 25°, increasing the thermal stability of
the /3-structure. In the a-helical form, there can
be only fewer and weaker hydrophobic bonds,
which do not contribute as much to the thermal
stability. The e-Nli2groups also are important;
being on the surface of the pleated sheets, they can
interact favorably with water, enhancing the solu-
bility of the structure.

¢. The Random Coil.—Hydrophobic bonds must
occur even in the randomly coiled protein or poly-
peptide, because of the tendency of the non-polar
side chains to associate.33 An estimation of the
number of bonds is difficult, but molecular models
indicate that not many side chains can be brought
into contact simultaneously in the random coil.
Nevertheless, they may have a relatively high im-
portance because hydrogen bonds no longer can
exist in a significant number. Even though they
may not contribute much to the free energy of the
random coil, their temperature dependence is the

(39) K. Rosenheck and P. Doty, ibid., 47, 1775 (1960).
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predominant factor in the over-all thermal stabil-
ity. They may be one of the factors making the
random coil the favored conformation at higher
temperatures. Consequently, when calculating the
free energy of unfolding of any structure, a smaller
value of AFh$° has to be used than would be calcu-
lated by considering the number of hydrophobic
bonds in the folded structure alone, because of the
possible existence of such bonds in the random coil.

5. Effects due to Side Chains Not in Contact

a. Side Chains Separated by a Single Layer of

Water Molecules.—This structure occurs in the
a-helix and in both pleated sheets discussed in sec-
tion 4, and also may occur between adjacent helices
or similar structures held rigidly by other inter-
actions.

In the case of the formation of such a layer, one
of the basic assumptions for solutions and for the
isolated side chain no longer holds, i.e., the exist-
ence of at most one solute neighbor per water
molecule.7 The molecules in the single layer be-
tween the two side chains have two solute neigh-
bors. As a result, their energy levels will be dif-
ferent from those discussed earlier.7 The unbonded
and the mono- and di-bonded water molecules in
this layer have two of their water neighbors re-
placed by hydrocarbon neighbors.7 Therefore their
energy is raised7by 2AEr with respect to the corre-
sponding levels in pure water. A tetra-bonded
molecule must be part of two partial cages, extend-
ing around both side chains (see Fig. 5). Its co-
ordination is increased by two due to the hydro-
carbon-water contacts. Its energy level is
lowered7 by 2AEN\ with respect to the ground state
in water. The tri-bonded molecule has a special
position. It is on the edge of the partial cage ex-
tending around one of the side chains, but at a
point where the cage does not extend around the
other side chain (Fig. 5). This water molecule
thus will have one hydrocarbon neighbor which re-
placed an unbonded water neighbor and one (in the
partial cage) causing an increase of coordination
number. Therefore its net energy level shift will
be AEt T AE\

In order to determine the thermodynamic param-
eters characterizing the structure, the same
procedure is followed as for the aqueous hydrocar-
bon solution,7 The water molecules within this
region can be described by means of a partition
function of the same form as that for the molecules
in the first layer around isolated solutes (eq. 11-20),
but with the appropriate E\ values substituted.
It can be evaluated numerically as in the other
cases, giving the standard free energy for water
in the intermediate layer, denoted by Fwecc-

Comparison of the free energy of the intermedi-
ate water layer with pure water indicates a differ-
ence in the free energy, given as AFwcc = Fwoe —
Fw, with similar expressions for AHwec and ASwecec.
The three quantities are listed in columns 2 to 4
of Table 1X. As indicated by the changes, a trans-
fer of water from the bulk to the intermediate layer
would correspond to an increase in “ice-likeness,”
with an increase in the degree of hydrogen bonding

40
coo(rdi)nation number increases by two instead of by four.
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The structure is similar to the gas hydrates, except that the
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and with AFwc > 0. The changes per mole of
water are about twice as large as for the formation
of the first layer about isolated solute molecules
so that this intermediate layer in itself is even less
favorable thermodynamically. This is caused by
the larger shifts in the energy levels.7
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Table IX

Thermodynamic Parameters for the Formation of a

Intermediate Water Layer between Two

Nearby Aliphatic Side Chains

(A and 4w inkcal/mole, as ineu.)

Difference between the Formation of the structure starting
intermediate layer and from two isolated side chains®

Single

. pure water

° é , Affw® Affwec ASWET AFsi0 Affai0 AISsi0

0 017 -069 -3.2 -1.7 X103 -11 X 103 -0.03

25 25 -0.56 -2.7 + 11 -53 -0.18

50 .31 0 36 2.1 87 -0 29
-1.5

70 .
JBe Yﬁlues are given 1\0&% nd pave f0 Pe muIt|-
plle y (he appro |a eror a pa Icular structure.
When such a structure is formed, the actual
starting state corresponds to two isolated side
chains separated from each other by a large dis-
tance, each surrounded by water, as discussed in
paper Il. The free energy of formation therefore
has to refer to this starting state rather than to
pure water. When the two side chains approach
each other to a distance where they are separated
by a single water layer, only ¥/2AY Swater molecules
enter the bulk water ou”™ of the first layers. The
other y 2AT8 water molecules compose the single
intermediate layer, described in the previous para-
graphs, having more hydrogen bonds due to the
increased energy level shifts. There is no net
change in the number of hydrocarbon-water con-
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tacts, and no hydrocarbon-hydrocarbon contacts
are established. There is essentially no change in
the restriction of bond rotation because the over-
all free energy changes are small. Therefore the
total free energy of formation of a structure, as
depicted in Fig. 5, and starting with two isolated
side chains, is given by

AFsl® = AFS[(1/2)(FWEZ+ Fw°) - Fw°] (19)

= AFS8[(1/2)AFV° + (Fw°® - V)]
Numerical values of the thermodynamic param-
etersare given in Table IX for AFs= 1. The actual
values for any particular structure can be obtained
by multiplication with the appropriate AFS In
most cases, AFS = 4 is to be used; higher values
may be needed for large side chains on adjacent
turns of the a-helix. The free energy change
reaches 0.1 kcal./mole only for high temperatures,
with large AFa Below 40°, its contribution to the
over-all free energies of structural changes is
negligible within the precision of the model. This
result justifies the application of the results for
isolated hydrophobic bonds in section 4.

The hydrophobic bond is strongly favored over
the structure involving the single water layer.
Therefore, it wall form whenever this is sterically
possible.

b. Side Chains Separated by Several Water
Layers.—According to the present model, only the
energy levels of water molecules next to non-polar
solutes are changed, because the van der Waals
forces causing the changes fall off rapidly with
distance. Retaining this picture, the energy levels
will remain unchanged for water molecules between
side chains which are separated by more than one
water layer. Therefore, the intervening water
molecules behave thermodynamically just as the
bulk water far from the solute. Thus, within the
accuracy of the model, hydrophobic side chains can
be considered as non-interacting until they actually
touch, with the elimination of some intervening
water neighbors. Practically all of the free energy
change during the approach of the two side chains
arises in this last step.

c. High Side-Chain Concentration.— Locally,
the concentration of side chains in proteins is very
large; they are separated by only a few water
molecules in folded protein structures. Accord-
ing to the above discussion, the free energy of forma-
tion of this structure (starting from isolated side
chains) is very close to zero near room temperature,
and is very small even at higher temperatures.
Within the accuracy of the model, this effect is
unimportant and contributes only small changes
in the quantities determining protein stability.

d. The Analogy with the Crystalline Gas Hy-
drates.—-The structure of water near a non-polar
solute has been compared in paper Il with that
prevailing in gas hydrates. However, it would be
misleading to push the analogy too far and to con-
sider the structure of water around non-polar groups
in proteins as fully comparable with that in gas
hydrates.4 The possibility of forming extended
gas hydrate-like ice structures on a protein surface
is limited because the side chains, fixed to the
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backbone, cannot always be located at distances
and in conformations required for the establish-
ment of a spatially extended gas hydrate lattice.
This renders the “coupling of ice-like lattices”4
around the side-chains improbable. Even if the
position of the side chains is geometrically suited
for the formation of such lattices, these would have
amuch lower thermodynamic stability than the gas
hydrates; in the latter, each cavity (or a large
number of them) is occupied by a solute molecule,
thereby increasing the effective coordination4l by
3or4. What is more important, every water mole-
cule in the gas hydrates (except on the surfaces of
the crystal) is able to form its full complement of
four hydrogen bonds. The energy of these bonds
compensates for the entropy loss due to immobiliza-
tion of the water molecules. The corresponding
enthalpy is much smaller for structures around
side chains or for large solute molecules; not all the
molecules can form four hydrogen bonds, this being
prevented sterically by the backbone or part of the
solute (or side chain). Many water molecules can
have at most two or three hydrogen bonds, but
they are largely immobilized, resulting in a large
entropy loss. This results in a much more positive
free energy of formation than in the case of the gas
hydrates. As aconsequence, the free energies of for-
mation of the gas hydrates and of the structures
around protein side chains are not comparable.
Side chains and solute molecules, even when of the
same size (e.g., valine and propane), cannot be
fitted in an identical way into the water structure.

e. Extended Ice Layers around Proteins.—
Klotz discusses protein behavior in several
papers48194243 in terms of the formation of a
stable extended ice layer around the protein,
stabilized by the cooperative interaction of the non-
polar groups with water.

Both Klotz's and our treatment of non-polar
side chains start from the same basic observation:
non-polar solutes must cause an increase in “ice-
likeness” of the water structure around them.184
However, in this paper and in paper Il it has been
shown that this increase is unfavorable thermody-
namically (see also ref. 10). An increased exposure
of non-polar side chains to water, causing an in-
crease of “ice-likeness,” must result in an increase
of the free energy. This in itself already is unfavor-
able. In a corresponding manner, the formation of
an extensive ice lattice over several molecular layers
around protein side chains would result in an even
larger positive free energy change. Thus, even if
such a lattice would form, contrary to the previous
discussion, it would be unstable.

When side chains form hydrophobic bonds, some
of them must still be exposed to water partially or
totally. Thus there will be some non-polar por-
tions on the surface of the protein, causing some
ice-likeness of the water near the protein, but they

(41) This must be the source of the added stabilization of the gas
hydrates over ordinary ice, rendering some of them capable of exist-
ence at temperatures above 0°.

(42) 1. M. Klotz and J. Ayers, J. Am Chem S o0c79, 4078 (1957).

(43) 1. M. Klotz and H. A. Fiess, Biochim Biophys. Acta, 38, 57
(1960).

(44) H. S. Frank and W.-Y. Wen, Discussions Faraday Soc., 24,
133 (1957).
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cannot have a stabilizing effect. The existence of
very many non-polar groups must result in a tend-
ency toward aggregation and precipitation.l0

The clusters in water are short-lived,#4 and the
presence of the non-polar solute probably will not
affect the life-time very much, even though it in-
creases the equilibrium degree of hydrogen bonding.
In view of this, an explanation of a decreased re-
activity of various groups on proteins in terms of
masking by an ice-like lattice of water43is improb-
able.

Klotz points out correctly that there are differ-
ences between freely moving small organic solutes
and the side chains attached to the polypeptide
framework.4 While utilizing solution data for
hydrocarbons for the calculation of strengths of
hydrophobic bonds earlier in this paper, differences
between the two kinds of solutes have been taken
into account (see also section 6¢).

The observations to which Klotz applies the
concept of extended ice formation in the papers
cited can be explained just as well on the basis of
hydrophobic bonding while, at the same time, meet-
ing the thermodynamic requirements.

Masking of reactive groups in native proteins
may occur if such groups are buried in hydrophobic
regions (section 6b). This may even take place in
randomly coiled structures, where hydrophobic
bonding is possible, as indicated in section 4c.
Klotz discusses4 the pK changes of a conjugate of
polyvinylpyrrolidone containing 5-dimethylamino-
1-naphthalene sulfonyl groups. The polymer can-
not form hydrogen-bonded folded structures due
to the absence of hydrogen bonding groups. The
masking of the N (CH32group, observed in aqueous
solution, may well be due to hydrophobic bonding
in the random coil. This is the more likely since
the naphthalene group next to the reactive group
offers a large surface for hydrophobic bonding.
The normalization of the pK by urea in this poly-
mer4 and in others mentioned by Klotz4 can be
explained if urea breaks hydrophobic bonds.464%6

The effect of masking ionizable groups by bury-
ing them in hydrophobic regions has been dis-
cusssed recently by Tanford.47 A similar case
may exist in the binding of small ions19,; if placing
a charge on the binding site has to result in a
breaking of hydrophobic surroundings, binding will
be enhanced. In detergent binding, stabilization
must occur through the formation of hydrophobic
bonds between side chains and detergent molecules.
The sudden increase of detergent binding to serum
albumin at a certain detergent concentration,4849
discussed by Klotz and Luborsky® in terms of a
cooperative stabilization of the water lattice, may
be caused either by unfolding, leading to exposure
of non-polar side chains,48%8or by an increase of the
effective binding surface, due to the bridging of
the side chains by the detergent molecules.

(45) W. Bruning and A. Holtzer, 3. Am. Chem. Soc.,
(1961).

(46) 1. Z. Steinberg and H. A. Scheraga, ibid., 84, 2890 (1962).

(47) C. Tanford, ibid., 83, 1628 (1961).

(48) J. T. Yang and J. F. Foster, ibid., 75, 5560 (1953).
(49) M. J. Pallansch and D. R. Briggs, ibid., 76, 1396 (1954).

83, 4865
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6. Interactions of Several Side Chains

In large proteins, more than two side chains can
interact simultaneously in some conformations.
Except for special cases, such interactions are pos-
sible only when side chains belonging to more than
one peptide backbone can be placed adjacent to
each other. A great variety of hydrophobic bonds
of various strengths, i.e., extent of contact, is pos-
sible, ranging from the interaction of two side
chains to the formation of entire hydrophobic re-
gions. The free energy changes of formation of
larger structures are related to those of the pair
interaction (section 3), but they are not obtained
from them as their simple multiples.

a. Interaction of More Than Two Side Chains.

— If k side chains interact with each other simul-
taneously, an expression similar to eq. 11 can be
used to calculate the free energy of formation for
such a hydrophobic bond.

AFh/ = AFks[Fw°- /V -

(V2)Erw] + ZnkER+ XI AEroy

] =1

Here, AFt8 and Fr k are the total number of water
molecules removed from contact with side chains
and the total number of C...C contacts established,
respectively. Their value depends on the geometry
of the interaction, and may differ from the sum of
the values for pairwise contacts between the side
chains involved. A AFrot term has to be included
only once for each side chain, rendering AFh«®
more favorable than the sum of the free energies
over the various pairwise contacts.

When estimating AFt§ it has to be kept in mind
that portions of the peptide backbones may con-
tribute to the prevention of water molecules from
having contacts with parts of some side chains,
thereby strengthening the hydrophobic bond.
Examples of hydrophobic bonds between three side
chains are given in Fig. 6; thermodynamic pa-
rameters for the formation of bonds of this type are
given in Table X (see also ref. 23).

(20)

Table X

Thermodynamic Parameters for the Formation of a

Hydrophobic Bond by Three Isoleucine Side Chains at

25°
AFh<® AH r4° ASn<t>®
Type of bond | tw AFt" zrk kcal./mole e.u.
o) TWo  pairwise
cgnta%tsl
I. -
Fna%mu?n 15 ¥ 13 a2 64 s
mnimum 105 4 2 o7 4.4
an Triple
contact
Fig, 6-11
aXimu 20 36 18 -4.9 67 38
minimum 1.2 8 3 0.9 16 8

b. Hydrophobic Regions.—Several side chains,
belonging to different backbone portions, may as-
sociate so as to form a “hydrophobic region.”
This is a conglomeration of several side chains,
creating a region in space of several atomic diame-
ters, from which water is completely excluded.
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The region may enclose some side chains com-
pletely. An important example would be the trap-
ping of a polar group, i.e., one capable of ionization
or hydrogen bond formation (cf. section 7). These
groups would exhibit anomalous reactivity as a
result of being “buried” among the non-polar
groups.1'47@®

The formation of a hydrophobic region of suf-
ficient size to contain “buried” groups is possible
only by means of interaction of side chains on three
or more backbone portions. Observations with
space-filling models indicate that two helices are not
sufficient.

Equation 20 also applies to the free energy of
formation of a hydrophobic region.

The presence of a buried polar group will affect
the interactions and hence will change the free
energy of formation of the hydrophobic region, but
eg. 20 still can be used as a first approximation.

?nb Pwee ]

C. Transfer of a Non-polar Side Chain from

Water into a Non-polar Environment—Within a
hydrophobic region, a non-polar side chain may be
surrounded completely by other side chains,
without being in contact with water molecules.
It is possible to calculate the difference of the
free energy between this state and that of the
isolated side chain surrounded completely by water.
This difference can be termed the free energy of
transfer of a side chain from water into a non-polar
region. It is given by

AFt® = YS[FJ -

(1/2)ERW) +
zrEr + AFiot (21)
where Fs is the total number of water neighbors

Fwe -

(50) J. Hermans, Jr., and H. A. Scheraga, J. Am. Chem Scc., 83,

3293 (1961).
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around the side chain, given in Table I, and Zr =
¥ ZFs in this case. Numerical values for various
side chains are given in Table XI.
AFrot, r/r0= 1.5 was used.

Table Xl

In determining

Thermodynamic Parameters for the Transfer of a
Non-polar Side Chain from Waté—)r INTO A Non-polar

Region at

10 Atftr0 A0
Nature of i .
lt:egﬁc;hc SKleachaln 1 Ié I/mole+ 15 +e.8.4
Ali -1. , .
d Val -1.9 2.2 13.7
Leu -1.9 2.4 14.3
lieu -1.9 2.4 145
Met - 2.0 2.1 16.0
CySH - 1.6 1.8 114
Pro - 2.0 2.2 14.0
Phe® -0.3 2.7 10.1
Aromatic Phe 1.8 1.0 9.5

“In determing AFrot, ./« =101 was used,

The thermodynamic parameters estimated by
Kauzmanncorrespond to an analog of this process,
not to the formation of a pairwise hydrophobic
bond as discussed above. Kauzmann’'s numbers
must be compared with those of Table XI. The
absolute values of the free energies in Table X1 are
still smaller than his numbers. This difference
arises because in the present calculation the effect
of the backbone has been taken into account. Fs
is smaller than Fc, the number of whter neighbors
around the comparable hydrocarbon, because the
side chain is attached to the polypeptide backbone.
(E.g., the hydrocarbon, whose size corresponds to
the valine side chain, is propane, or else isobutane
if the a-carbon also is counted.) There is an ad-
ditional difference between the two sets of data.
While the hydrocarbons considered by Kauzmann,D
and also in paper Il of this series,6 are straight
chain homologs, most of the amino acid side chains
are branched and hence more compact in shape.
For this reason, ZR in the non-polar surroundings
increases with size more slowly for the branched
side chains than for these normal hydrocarbons.
As a result, A77t0 becomes more positive with in-
creasing side-chain size instead of the reversed trend
observed6 Dfor the hydrocarbons. The increments
in A/7tr° with size are small numbers; hence small
differences in the intermolecular interactions can
cause considerable changes in the observed trends.
These small differences arise from a balance be-
tween the first and second terms of eq. 21; in the
case of the normal hydrocarbons the term ZRER
predominates, whereas in the case of branched side
chains the first term predominates. Since eq. 21
was derived from the considerations of paper II,
its application to normal hydrocarbons yields theo-
retical values in agreement with experimental data.

A note of caution is in place here concerning the
use of either Kauzmann's data or those of Table X1
for the prediction of free energies involved in
protein interactions. It would not be correct to
use these numbers or a multiple of them (multi-
plying by the number of side chains) to predict the
free energy of formation of the entire hydrophobic
region. When the hydrophobic region is formed,
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some of the side chains comprising it, located on
the surface of the region, will retain some water
neighbors. This has to be taken into account by
using eq. 20 to determine the free energy of forma-
tion.

7. Participation of Polar Side Chains

Some amino acids can be classified as “polar.”
They have long hydrocarbon side chain portions
carrying a group which can ionize or form hydrogen
bonds. Tyrosine, arginine, lysine, glutamic acid,
and glutamine fall into this group. Asparagine
also may be included here, though the effects must
be marginal.

The polar end of these side chains is hydro-
philic, especially when ionized. It presumably
seeks to be in aqueous surroundings when this is
possible. On the other hand, the non-polar por-
tion must seek to form hydrophobic bonds with
neighboring side chains wherever these can be
established. A detailed quantitative treatment
of the changed reactivities of a hydrogen bond in the
presence of hydrophobic bonds has been developed
in this Laboratory, and will be reported else-
where.al

An estimate of the strength of hydrophobic bonds
involving non-polar portions of the side chains listed
above can be approximative at most. The polar
group interacts strongly with water and inter-
feres with the establishment of the water struc-
ture characteristic for the neighborhood of non-
polar solutes. This effect is most pronounced
when the polar group acquires a charge; ions affect
the structure of water around them locally over a
distance of several molecular diameters by means of
strong electrostatic interactions.4&® Even inter-
actions of the un-ionized polar group with water
may perturb the spacing of the energy levels of the
water molecules at least as much as the non-polar
groups. However, the model presented above can
be applied to these side chains as an approxima-
tion, keeping in mind that the results are less re-
liable than those for entirely non-polar side chains.
Representative values are given in Table X11.

Tante X

Thermodynamic Parameters for the Formation of
Hydrophobic Bonds Involving Side Chains Carrying

Polar End Groups (25°)

(Maximum bond strengths)

AFnA.O

Amino acid AY* Zb kcal./mole e.u.
Glutamic acid"

. 4 2 -0.5 0.7 4.0

Glutamine*

Arginine® 6 3 -0.7 11 6.0

Sing* 8 4 -1.0 1.4 8.1

YI0SIn€s 6.1

e . 1o 5 -1.2 0.7
“Bonded to leucine. s Bonded to phenylalanine.

Some justification of such a calculation can be
derived from heat capacity measurements of

(51) G. Némethy, I. Z. Steinberg, and H. A. Scheraga, J. Am. Chem
Soc., to be submitted.

(52) lons contained in the solution may have another non-localized,
more general influence on hydrophobic bonding, particularly at high
concentrations, by changing the association equilibria for pure water,
which is a result of the formation of hydration shells around the ions.
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aqueous carboxylic acid solutions. Schreineré36t
has found an increment of about 20 cal./deg. mole
in the partial molal heat capacities per CH2group
for formic, acetic, and propionic acids and their
respective Na-salts, and, fcr the acids, an increment
of about 10 cal./deg. mole in the difference between
the partial molal heat capacity in solution and in
the pure liquid. The latter quantity is in good
agreement with the observed and calculated incre-
ments for the solution of hydrocarbons (see Table
VI of paper Il). Apparently, the non-polar por-
tions of the acids still can exert about the same
influence on the energy states of water as in non-
polar solutes, in spite of the presence of the polar or
ionic head, although the exact local structure of
water in their neighborhood might be different from
that in solutions of pure hydrocarbons.

The non-polar parts of the side chains considered
here are located near the backbone and hence are
less accessible for hydrophobic bonding than the
unobstructed ends of ccmpletely non-polar side
chains. Consequently, they can form bonds only
with large side chains, and the maximum values of
all parameters must be smaller than those for iso-
lated non-polar side chairs.

8. Estimates o; Volume Changes

It has been found experimentally that the partial
molal volumes of non-polar solutes in aqueous solu-
tions are much smaller than in the liquid or in a
non-polar solvent.8% A mechanism for the volume
change was given in paper Il. The formation of a
hydrophobic bond, corresponding to a partial re-
versal of the solution process, should be accom-
panied by a volume increase, computed in paper 11
as

AVh* = 1-79 AT V (22)

The quantity 1.7924° for aliphatic and aromatic
hydrocarbons, derived from data presented in
paper Il. is given in Table X111 for various tem-
peratures. For an aromatic-aliphatic hydrophobic
bond, the arithmetic mean has to be taken. At
25°, AFh* = 3 to 7.7 cm.3mole, depending
on the value of AFa This most probably is an
underestimate, because the calculated AV° values
in paper Il also were too low for the aliphatic hy-
drocarbons. However, if part of the observed
AV° for solution originates in the packing of the
non-polar liquid, this cantribution may be differ-
ent for the interaction cf a pair of side chains. In
cases where the packing of the side chains is im-
perfect, leaving small CE.vities between them which
cannot be occupied by a water molecule, AVho
will be increased to an even higher value.

If hydrophobic bonds are broken during the
denaturation or hydro-ysis of proteins, exposing
more non-polar side chains to water, the process
will be accompanied by a volume decrease. This
furnishes an explanation of the volume changes
cited by Klotz.86/ The present theory also can

(53) F. Schreiner, Ph.D. Thesis, Universitat Hamburg, 1959.

(54) Th. Ackermann and F. Schreiner, Z. Elektrochem, 62, 1143
(1958).

(55) D. D. Eley, Trars. Faraday Soc., 35, 1421 (1939).

(56) W. L. Masterton, J. Che n Phys., 22, 1830 (1954).
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account for the observation85/ that the volume
decrease is larger at lower temperatures; the
changes in the water structure near non-polar
groups are more pronounced at low temperature.

9. The Role of Hydrophobic Bonds in Proteins

Hydrophobic bonds, taken individually, are
perhaps weaker than some of the other side-chain

Tabte X1

Volume Changes fob the Formation of Hydrophobic
Bonds, Expressed per Mole of Water Removed from

Contact with the Side Chains
AFh4*/AYa = 179\ (cm.3mole) for

i"C. aliphatic aromatic
side chains
0 0.94 0.83
25 74 .65
50 57 .50
70 .46 .40

interactions in proteins. They become important
because of the large number and high frequency of
occurrence in proteins of non-polar side chains (in-
cluding the non-polar portions of the polar amino
acids). Hydrophobic bonds exhibit less specificity
than other interactions such as hydrogen bonds,
both with respect to the steric requirements of
side-chain orientation and the number and kind of
side chains which can participate in their formation.

A second property unique to hydrophobic bonds
is their dependence on the solvent medium for
their existence. They can achieve a high degree
of importance only in aqueous systems. Even in
other strongly polar solvents, the interactions
between non-polar side chains are due only to
differences in van der Waals forces between various
solution components, with no important contribu-
tion from changes in the solvent structure. In
such solvents, it might be more appropriate to
term the interactions “non-polar bonds.” The
changes in solvent structure are unique to water
with its special structural features. However,
since the behavior of proteins in aqueous systems
is of greatest interest, hydrophobic bonds must be
considered an important factor in discussing protein
behavior.

In non-aqueous solvents whose molecules consist
partly of non-polar, hydrocarbon-like groups, there
is no need for the non-polar side chains to form
strong bonds with each other. Interaction with the
solvent is just as favorable as with other side chains.
This effect may be important in the denaturation
of proteins by alcohols and other organic solvents.
Even in solvent mixtures containing water and an
organic solvent, the latter may form hydrophobic
bonds with the non-polar side chains, facilitating
unfolding of the protein.

This effect is related to detergent binding, too.
Although the binding of a detergent on a protein
presumably is determined primarily by interactions
involving its polar head, the binding will be en-
hanced if the non-polar tail of the detergent can
form hydrophobic bonds with exposed side chains.

K. U. Linderstrdm-Lang, Cold Spring Harbor Symp. Quant. (1962).

(57)
Biol., 14 117 (1950).
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If the non-polar tail of the bound molecule is suf-
ficiently large, it can interact with more than one
non-polar side chain on the protein. In thismanner,
low concentrations of detergents may stabilize the
folded structure. However, at higher concen-
trations, the detergent may act as a denaturant by
breaking the side-chain hydrophobic bonds and
establishing  detergent-side-chain  hydrophobic
bonds.

In general, hydrophobic bonds and other types
of side-chain interactions are present simul-
taneously in proteins. The folding of the molecule
and the stability of the various conformations is a
resultant of all the interactions. The various inter-
actions exist side by side and may act cooperatively
in stabilizing certain structures. 118 In such cases,
the individual contributions may not always be
separable experimentally. A detailed discussion
of the cooperative effects with other interactions
and of the role of hydrophobic bonds in protein
reactions1l is beyond the scope of this paper. A
detailed quantitative investigation, applying the
results presented here, has been carried out and
will be reported elsewhere.Gl

It has been pointed out to us by Eigen® that
activation energies of enzyme-substrate complex
formation are more sensitive to the influences of
hydrophobic bonding than the equilibrium thermo-
dynamic parameters which show only the difference
of the amount of hydrophobic bonding in two
structures. Observed high entropies of activation
in dye complexing of serum albumin®may be due
to this effect.

The activation energies of other protein reactions
involving side-chain interactions may be affected
in a similar manner by hydrophobic bonds if
forming the activated state requires the breaking of
hydrophobic bonds. 11

Klotz and Franzen®report a AH = 0 for the di-
merization of N-methylacetamide in water (in
contrast to a negative Aifdim in organic solvents)
and conclude that the zero value represents the
intrinsic strength of the N-H...O=C hydrogen
bond in water. In the dimer formed by this com-
pound, the methyl group on the nitrogen of the
molecule acting as acceptor in the hydrogen bond,
and the methyl group on the carbonyl carbon of the
second molecule approach each other to within 4
A. when a linear hydrogen bond is formed; thus a
hydrophobic bond is formed between the two mole-
cules. Such an interaction corresponds to that
described as the bond of minimum strength in sec-
tion 3b, with a A77h0® = +0.4 kcal./mole. The
possible presence of a hydrophobic bond furnishes
an alternative explanation of Klotz's observation,
because the positive enthalpy of formation of the
hydrophobic bond may cancel a negative enthalpy
contribution made by the hydrogen bond. Higher
homologs should show even stronger hydrophobic
bonding and currently are being investigated in this
Laboratory.

(58) C. Tanford, in "Symposium on Protein Structure,” A. Neu-
berger, ed., John Wiley & Sons, New York, N. Y., 1958, p. 35.

(59) M. Eigen, personal communication.

(60) I. M. Klotz and J. S. Franzen, J. Am. Chem Soc., 84, 3461
We are indebted to Dr. Klotz for permission to quote these re-

sults prior to publication.
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10. Conclusions

The theoretical model and the calculations pre-
sented in this paper provide a sufficient basis for a
guantitative estimation of the contribution of
hydrophobic bonds to the stabilization and to the
reactions of proteins. Their role in various protein
reactions has been reviewed earlier qualitatively.1l

It is recognized that the theory contains as-
sumptions that may be oversimplifications, and
that it may later become subject to revisions or
improvements, based on a fuller understanding of
the behavior of liquids than is available at present.
One particular point where such refinement might
be possible is the treatment of the effects of high
side-chain concentrations. However, based on the
present state of knowledge, the theory presents a
unified treatment of the behavior of non-polar side
chains, and it can be utilized to form part of quan-
titative treatments of proteins in terms of the
various possible types of interactions.

It has to be noted that, while the methods used
here or perhaps even some of the exact numerical
values obtained with their aid may become modi-
fied as a result of improvements due to a better
insight into the behavior of liquids, there are various
aspects of the present discussion which do not
depend on the details of the model and are of an even
more general validity than the model itself. The
conclusions about the sign and magnitude of the
thermodynamic changes, and of their temperature
dependence, are inherent in any model based on the
analogy with aqueous solutions of small hydrocar-
bons and organic solutes. These results would not
be affected by changes in the methods used to derive
the thermodynamic parameters of formation of the
hydrophobic bond. The changes might affect
the exact values of the parameters at most, and
this only to a limited extent. The discussion of
the behavior of hydrophobic bonds in different
protein structures, presented mainly in the second
half of this paper, is independent of the particular
model used for describing the solute-water inter-
actions.

The concepts presented here suggest several
kinds of possible experiments. Valuable data could
result from detailed studies of polypeptides com-
posed of a limited number of different amino acids,
investigating their changes of conformation as a
result of changes in temperature or solvent com-
position, or of the addition of small molecules such
as detergents or hydrocarbons. A study of the
possible solubilization of hydrocarbons by proteins
may yield information concerning the nature of the
surface of the protein molecule.
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Further extensions of the theory presented here
are possible, such as a treatment of the behavior of
proteins in mixed solvents, considering both the
effects of the changes in the water structure and of
direct interactions of the solvent components with
the groups on the proteins. Similarly, the bind-
ing of small molecules to proteins, or solvation
in micelles, might be treated on the basis of the
present theory.
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I. Introduction

The equilibrium angle of contact of a liquid-gas
interface with a plane solid surface is related to the
boundary tensions of the system by Young's
equation

71

where 0 is the contact angle, ys, y1, and ys1 are
the solid surface, liquid surface, and interfacial
tensions, respectively. This relation has been de-
rived in a rigorous and general manner.1 How-
ever, neither the solid surface nor the solid inter-
facial tensions are directly measurable so that it has
not been possible to verify this relationship ex-
perimentally. Furthermore, hysteresis of the con-
tact angle introduces further ambiguities into the
experimental confirmation of eq. 1. Surface rough-
ness, contamination, and heterogeneity have all
been found to be contributory to hysteresis.

Since contact angle hysteresis has not been re-
ported to exist at the intersection of three fluid
phases, and since a properly prepared gel surface
would approach an ideal solid surface, investiga-
tion of the contact angle of oils on dilute aquagel
surfaces might give insight into the origin of hys-
teresis on solid surfaces. A further advantage of
using a gel surface as a substrate for wetting meas-
urements is that the boundary tensions of a dilute
gel (provided the gelling agent is not capillary
active) are probably quite close to those of the
solution that exists before gelation occurs, so that
the relationship between the observed advancing
and receding angles to the predicted Young's
equation angle can be established.

Silica gel was chosen as the gel phase because:
(1) silica is a neutral material, i.e.,
active; (2) it forms strong gels at low concentra-
tions; and (3) silica gel can be prepared with rela-
tive ease by acidification of a dilute sodium silicate
solution, and the setting time (the time between
mixing of the reagents and gelation) can be specified
at almost any value2 by carefully controlling the
final pH of the system. Paraffin oil and methylene
iodide were chosen as oil phases because of their
high calculated contact angles based on their
boundary tensions against water. The majority

(1) R. E. Johnson, Jr., J. Phye. Chem, 63, 1655 (1959).
(2) R. C. Merrill and R. W. Spencer, ibid., 54, 806 (1950).
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of the studies were conducted with paraffin oil,
since methylene iodide was found to decompose
spontaneously due to a reaction which was ac-
celerated by light.
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(3) W. Fox, J. Chem Phys., 10, 623, 743 (1942).
(4) E. G. Carter and D. C. Jones, Trans. Faraday Soc., 30, 1025
(1934).



Oct., 1962

<l affrn P" ina e% solids content aqueous solution during a
t rea ade su rfredT%

frac(ro a cr 'C acrd rlrp
E rtvrasyc ear, cel%rfes an? hwe n
Iqn ean Pwerrnﬁo in er acla ensron agarns epur ie
Eastma Erstllatr

Prod-
% ter éu r

, com are alﬁtn ‘ erert%re

stm n %la” atron Productﬁ_

rom ntrnal

time.
compare o the

ile water rom a chmde raI bloc trnt ator
)Iaatron a\r;{gara us was Stvf

aanltdrttrrn.re% @ ol
n f range was

value

ecanol, ob arngd frorp

las% inag rac | na l%a(i 1Z€
éacgrcrra 1 kP

o

a %a“ rmhpurr 18S Mro Wai ne F¥ dq[rswere
atnrrrttn eanrr A R
fOI’ mea nY num Slge

s on’a ueo
W r ganic materia IS appar us Was acc
[g?nle from Oorérea&r eTnent 19{1 ?é:wh\ ngrlnn Vg(?netﬁgﬁ
angles, the an es afsgcra tr te ree flul rﬁ) ase
efaqtreous phasg in ar.
ne c rate' 10 o1 eyne/rcm.
ﬁuman,n angle | chnr ue
ted esPrace rnteraa
i rog W 'eqsﬁ
R
[Izutr’ t)ecatrasceeofol EH) %a}f
a;a 1 T ﬁe%ame'ttgépa?r g
?u means 0 ac%lr aLed
t ée Wa r%ﬂ %P&J
onsideratipn was held in a
fi E)W es were
otograp S wit an a curacyo
8 (tjDro edeur Srlrca els were rrot
Fasq}/crcacr gr]ggﬁr g?
a He f[on arnrnﬁ 0 2a
ge'trtr : %t”ed ttaﬁt % 0 haf?te”n e G aces
|dn udation . ﬂ?neresrrsrsé o[
eos uid 9b g tc rre Snecce %rt ngaca efrd
a%t %ra%acom ?red ch elis rnade&rccaor
rnr%rcatr &? dﬁﬁ a%en S s00N
asptnerférs[tr e] ree r a evaago sator% g
dE ((Jtr %S u sodium su ate rHron
measturreem e esce\{rlr%rle |n urrfr I
%% ﬁar in or wer§

dn 3% rnterfa rai1 Geas
‘surface tension in equilibrium. with

r ontact angles of these oils. one
S0 measured., S0 os ecanol i

I0 oIl Were prepared, rang gonrmoom A)

5

O

ed.for thes olrﬁ?r Snsrz]astgm Were Ort]eangles i
Wr% ?tre h ? ec grc]ts?lol ea?“(s st]emwgge Sfart?arn
BrXtron at) rtheqor waLter rnterfalte Was at-

(5) C. D. Hodgman, Ed., "Handbook of Chemistry and Physics,”
34th Ed., Chemical Rubber Publishing Co., Cleveland, Ohio, 1952, p.

822.
(6) C. C. Addison and S. K. Hutchinson, J. Chem Soc., 3387

(1949).
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I1l. Results

A. Pure System Contact Angles.—Contact
angle measurements performed on gel surfaces
before they harden completely were unsuccessful
because the gel deformed in the region of the three
phase intersection; the gel surface apparently was
pulled upward into a ridge by the vertical com-
ponent of the surface tension of the oil phase.
This deformation was in many respects similar to
that predicted by Lester7 for the elastic deforma-
tion of a low-modulus solid in contact with a liquid
droplet. The angle formed between the gel sur-
face and the liquid surface in this case was close to
the appropriate Neumann angle for the system.
However, as the gel became more rigid, this de-
formation became smaller, and the angle increased
from the Neumann angle typical of a three fluid
phase system to the Young's angle value for a rigid
solid, thus indicating the validity of Young's equa-
tion for a “hardened” gel surface.

The results of the pure system boundary tension
measurements appear in Table |I. The contact
angle measurements with purified paraffin oil and
methylene iodide on purified silica gel, together
with the results of pure paraffin oil on an unpurified
gel, appear in Table Il. The Young's equation
contact angles computed from the boundary tension
data presented in Table | also appear in Table I1I.
From these results it was deduced that; (1) in the
absence of capillary active impurities, contact angle
hysteresis is virtually absent; (2) in purified sys-
tems the observed angles are essentially equal to
the values predicted from Young’'s equation; and
(3) trace amounts of capillary active contaminants
can cause major changes in the observed contact
angles and can cause narked contact angle hys-
teresis. It was further concluded that these silica
gel surfaces are satisfactory for studying the effect
of capillary active agents on contact angle hys-
teresis.

B. Hexadecanol in Oil.—The results of the
boundary tension measurements of the solutions of

(7) G. Lester, J. Colloid Sci., £15 (1961).
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Table |

Selected Boundary Tension Values at 25.0°
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Phase 1 Phase 2

Water Alir

4% SiCh sol Air

Pure paraffin oil Air

Pure paraffin ol Air

Par. ol + 1% cetyl ale. Alir

Par, 0|| + 1% decyl ale. Air

Wate Pure para, o

4% S|0230| Pure para, ol

Water sat. w. Mel2 Air

Mel2 Air

Mel. Alr

Melz Alir

Meh Water

Table II
Contact % ssxon Surfaces at 2 00
Gel40 o Si0s settmg time, 3 hr.
o520} [0=9) $oel No. of
Gel (pure) degrees degrees degrees meas.

Pure® Paraffin 50.5 + 0.5 495 + 0.5 50.8 + 0.5 12
Pure6 Paraffin 51.3 £ 5 51.3dr .5 508+ 5 4
Pure® Mel2 522 + 4 520 + 7 528+ 4 12
Impure®  Paraffin 32 12

o By sessile drop. e By capt|ve bubble.

hexadecanol in oil appear in Fig. 1. The boundary
pressure, ir, i.e., the lowering of boundary tension

39 =7"~70 @

where 70is the boundary tension in the absence of
additive, and 7 (¢) is the boundary tension at additive
concentration ¢, is plotted in Fig. 1 vs. the hexa-
decanol concentration on a logarithmic scale.
The boundary pressure is employed because it
allows a direct; comparison of the effect of the
additive on each of the tensions involved. The

Method
Wilhelmy slide
Wilhelmy slide .
Wilhelmy slide and ring
Drop welght
Drop weight
Drop weight
Neumann-angle
Neumann angle
Wilhelmy slide
Wilhelmy slide
Neumann angle
Pendant drop
Neumann angle

Tti accuracy, dynea/cm.

71.98 £ 0.02

-~
)
—~
N

S O1OTOT—JUT1UTLW LWL
POOOIE OO0
SO OTIONR RO
1 1 1 1

data in Fig. 1 can be analyzed in terms of the
boundary concentration, F, by means of the ap-
propriate Gibbs adsorption isotherm

where R is the gas law constant, and T the absolute
temperature. The boundary concentration, T,
is in reality the surface excess and is equal to the
boundary concentration only in the case of dilute
solutions of capillary active materials. Equation 3
also assumes that the concentration is directly
proportional to the activity over the concentration
range that the relationship is applied.

The interfacial pressure of the hexadecanol solu-
tions increased with concentration in a normal
manner, the interfacial monolayer becoming com-
pact in the concentration region above 0.25% as
deduced from eq. 3. The surface tension of the
water in equilibrium with the oil was not detectably
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lowered until the hexadecanol concentration ex-
ceeded 0.10%, the “critical spreading concentra-
tion.” Then an almost compact monolayer shed
from the three phase intersection to the water sur-
face. The surface and interfacial pressures were
identical above 0.25% hexadecanol. The oil sur-
face tension was unchanged by the presence of
hexadecanol. A plot of the boundary concentra-

Contact Angle Relationships on Silica Aquagel Surfaces
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tions vs. boundary pressure computed from eq. 3
is presented in Fig. 2. The Langmuir trough data
of Harkins and Morgan8for the surface concentra-
tion of pure hexadecanol on water surfaces vs.
surface pressure and the interfacial concentration-
interfacial pressure data of Hutchinson and Ran-

8) W. D. Harkins and J. W. Morgan, Proc. Natl. Acad. S e t11, 637

(1952).
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10-3 10-3 10-1 10
Hexadecanol concn., wt. %.

Fig. 4.— Interfacial pressures and concentrations during ad-
vancement and recession (hexadecanol-paraffin oil-silica gel).

dall9 for the hexadecanol-benzene-water system,
are presented for comparison. Agreement among
these three independent studies is reasonably good.

Contact angles of these hexadecanol solutions
were measured on gel surfaces, and the results of
these measurements appear in Fig. 3. The dotted
curve on Fig. 3 represents the Young's equation
angle calculated from the measured boundary ten-
sions for the oil-air-water system. The advancing
and receding angles were almost equal at concen-
trations below 0.001% hexadecanol but between
0.001 and 0.10% hexadecanol, the hysteresis re-
mained constant at about 6°. In this region the
advancing angle was equal to the Young’'s equation
angle computed from the surface and interfacial
tension data for the oil on pure water. Between
0.10 and 0.25% hexadecanol concentrations, the
hysteresis was very much greater, and both ad-
vancing and receding angles were significantly
lower than the computed values. Above 0.25%
the hysteresis again disappeared, and the angles
approached the computed values.

The derivation of Young's equation is based on
the tacit assumption that the phase boundaries and
bulk phases are in thermodynamic equilibrium; in
three-phase systems where such equilibrium exists,
there can be but one value of the contact angle,
and barring dynamic effects, hysteresis must be
absent. This is clearly the situation which exists
in the silica gel-oil-air systems in the absence of
capillary active components. On the other hand,
it seems reasonable to postulate that if phase

(9) E. Hutchinson and D. Randall, J. Colloid Sci., 7, 151 (1952).
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boundaries and bulk phases are not in thermo-
dynamic equilibrium, the observed contact angle
will be determined through Young's equation by
the local boundary tensions at the three phase
intersection. In such systems the observed contact
angle may be substantially different from that
predicted for the equilibrium case, and if the local
boundary tensions vary with position or motion of
the three phase interline, contact angle hysteresis
can be expected. The subsequent analysis of the
contact angle data for systems containing hexadec-
anol is based on this postulate; viz., any departure
of the measured contact angles of oil on the gel sur-
faces from the equilibrium angle, calculated from
the boundary tensions of the corresponding oil-air-
water system, is presumed to arise from “non-
equilibrium” tensions at the oil-gel or gel-air
boundaries.

In analytical terms these postulates are as fol-
lows: If equilibrium exists between the bulk phases
and boundaries, then

Yl cos 9 = yaw — YsI@@ 4)

where ys( and yslod represent the equilibrium
boundary tensions at concentration ¢, and 9 is the
equilibrium contact angle.

Since, in the absence of solute

Yl cos 9° = ys® — YsI° (5)
then in the presence of an additive concentration, ¢
Y1 (cos 60 — AB9) = 7S — xsi@ (6)

If hysteresis is observed, or if the measured angle
is different from that predicted from eq. 6, then

Y1 (cos 90 — cos 0A)

XsA — fsIA - (7)
and

Y1 (cos 9° —cos OR) = GsR — wsIR  (8)

where the superscripts A and R refer to advance-
ment and recession.

At hexadecanol concentrations in the oil phase
below 0.1%, the receding angle is lower than the
equilibrium angle. Inspection of Fig. 1 reveals
that this can result only from a reduction in the
oil-gel interfacial tension, since the maximum pos-
sible value for the gel surface tension is that for the
pure gel. Assuming that each boundary tension is
uniquely determined by the hexadecanol boundary
concentration, recession of the drop must cause an
increase in the interfacial concentration of hexa-
decanol, i.e., a compression of the interfacial film.

To determine the extent of this compression it
was assumed that

MTR= 79 =0 9)
whence

Y1 (cos 9° —cos OR) = —7sIR (20)

Since 7sl, the interfacial pressure, is a unique
function of Tsi, the interfacial concentration, the
values of Tsl1ll corresponding to the compressed
film with interfacial pressure 7slr have been
estimated from Fig. 2 and plotted in Fig. 4. The
assumption that #sR = 0 is supported by the ex-
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perimental fact that the angle measured on read-
vancement of the drop over gel surface previously
contacted with the oil was essentially equal to the
initial advancing angle.

For such compression to take place, the oil-gel-
air interline must act as a barrier to hexadecanol
molecules in the interface. Compression of the
interfacial film is evidently possible because the
desorption rate of hexadecanol molecules from com-
pressed interfacial films into the bulk oil phase is
extremely low. (This property appears to be
characteristic of many amphipathic compounds of
extremely low water-solubility, and may be due to
the existence of an energy barrier to detachment
of the hydrophile from the aqueous phase.) It is
also necessary to postulate the existence of barriers
to lateral diffusion of hexadecanol molecules in the
interface; otherwise, as recession proceeds, the
contact angle will become smaller, showing a pro-
gressive variation of contact angle with interline
position or a variation of the receding angle with
drop size, effects which were never observed with
this system. These barriers in the gel surface are
probably polysilicate molecules in a net-like array.
The existence of such barriers was confirmed by
experiments in which hexadecanol-saturated oil
was placed on one portion of an otherwise pristine
gel surface. On free water surfaces a hexadecanol
film will shed rapidly from such an oil drop and
cover the entire surface in a short period of time;
however, this does not occur on the gel surface
since the contact angle made by pure oil on an adja-
cent portion of the gel surface was found to be
identical to that observed in the absence of hexa-
decanol, and underwent no change over the life-
time of the gel.

At hexadecanol concentrations in oil exceeding
0.1%, both advancing and receding contact angles
are less than those corresponding to equilibrium
(see Fig. 3). Since it has been established that the
shedding of a compact hexadecanol monolayer from
the drop phase above the “critical spreading con-
centration” does take place on a free water surface
but not on the gel surface, a low advancing angle,
in this case, can be ascribed to a deficiency of hexa-
decanol at the gel-air boundary adjacent to the
three-phase interline. If it be assumed that dur-
ing advancement the interface is in equilibrium
with the oil phase, the local surface pressure at the
gel-air boundary can be estimated by means of the
relation

71 (cos0a —cos 0) = xs — xSA (11)

The values of the local surface concentration
present during advancement, based on these calcu-
lations, are also plotted in Fig. 4. The deficiency
of hexadecanol at the gel surface during advance-
ment need not be very great to account for a
marked depression in the advancing angle, inas-
much as the surface pressure is extremely sensitive
to the surface concentration in this region, as seen
in Fig. 2.

The low receding angles observed in the concen-
tration interval 0.10 to 0.25% can result from two
effects: (1) incomplete saturation of the gel surface
with hexadecanol following removal of the oil

Contact Angle Relationships on Silica Aquagel Surfaces

1795

phase; and/or (2) compression of the interfacial
film; there is no a priori reason for ascribing the
observation to either possibility alone. A proper
choice of alternative can, however, be made from
the observation that (in the range of 0.1-0.25%
hexadecanol) the contact angle measured on drop-
readvancement over gel surface previously covered
with the oil solution is significantly greater than
the initial advancing angle, while the angle meas-
ured on drop-re-recession is little different from the
initial receding angle. These results are shown in
Table I11. If, consistent with the preceding anal-
ysis, one assumes that the interfacial pressure and
concentration during advancement are always
equal to the equilibrium values, then a rise in
contact angle on readvancement requires a rise in
surface pressure (and concentration) during re-
advancement

71 (cosora — COSo0) = 71s¢c) — XSRA  (12)

Whence, from eq. 11
XsRA v, XsA

Since, during drop-readvancement, the gel sur-
face external to the three-phase interline can
hardly be expected to gain more hexadecanol mole-
cules than were left on that surface during the pre-
vious recession, it seems reasonable to assume that
the surface pressure and concentration during re-
cession (or re-recession) are essentially equal to
the values calculated for readvancement, based on
eq. 12

71 (cos0° — cos OR) = xSRA — xSIR  (13)

Whence, from eq. 13, the interfacial pressure and
concentration on recession can be estimated.

The results of these calculations are summarized
in Table Il1l. It will be noted that the surface
pressures on readvancement (above 0.10% hexa-
decanol) are greater than the surface pressures
during initial advancement, and more importantly,
are almost identical with the equilibrium surface
pressures. Evidently, during recession, sufficient
hexadecanol can pass through the three-phase
boundary to permit the gel surface to reach sub-
stantial equilibrium with the bulk oil phase. Dur-
ing drop recession, interfacial film-compression is,
as before, seen to take place; the maximum “ excess
interfacial pressure,” (xslr — xsl(qQ), is observed
at 0.20% hexadecanol, and amounts to slightly less
than 8 dynes/cm., and drops to less than 2 dynes/
cm. at higher concentrations. It is of interest,
and of possible significance, that the maximum
“excess interfacial pressure” observed during re-
cession never exceeds the interfacial pressure (8
dynes/cm.) at which hexadecanol first escapes
from the oil-water interface and spreads onto a
free water surface (c¢/. Fig. 1). The postulate that
the drop-periphery may serve as a two-dimensional
barrier to hexadecanol migration thus appears
reasonable.

Above 0.50% hexadecanol, a close-packed hexa-
decanol monolayer exists at both oil-gel and gel-air
boundaries during drop advancement or recession;
under these conditions, hysteresis is virtually ab-
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Table Il
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sent and the measured angles are, within the limits
of experimental accuracy, equal to the equilibrium
values. These observations suggest that, when a
close-packed hexadecanol monolayer is formed at
both gel-air and gel-oil boundaries, the three-phase
interline is no longer capable of serving as a two-
dimensional barrier to sorbate molecules. If it is
argued that the passage of a sorbate molecule
through the interline requires activated desorption
of an oil molecule in the interline from the solid
surface, and that such desorption gives rise to the
barrier-properties of the interline, clearly the
presence of a close-packed sorbate monolayer on
both sides of the interline eliminates the barrier
effect inasmuch as no direct contact between oil
and solid then exists.

The changes in boundary pressures and concen-
trations with drop advancement and recession, as
a function of hexadecanol concentration, can be
graphically presented in the form of “hysteresis
loops” bounding the equilibrium values of these
parameters, as shown in Fig. 4. During initial
drop advancement, the gel surface is invariably
deficient in hexadecanol, while on recession, the
interface always contains excess sorbate. These
plots conveniently interrelate contact angle hys-
teresis with sorption-hysteresis, and thereby may
help to put the former phenomenon in its proper
physical perspective.

C. Decanol.—Decanol differs in boundary be-
havior from hexadecanol in that its monolayer at a
water surface or oil-water interface cannot be sub-
jected to compression because of its relatively high
water solubility and its rapid rate of desorption
into the aqueous phase.5 If the observed hysteresis
effects on silica gel in the presence of hexadecanol
are indeed due to the interfacial film compressibility
and show equilibration between the boundaries
and bulk phases, then these effects should be absent
in the presence of decanol.

Solutions of decanol in purified paraffin oil rang-
ing from 0.001 to 1.0% by weight were prepared
and the behavior of these solutions on decanol-free,
i.e., pure silica aquagels examined. The boundary
tensions of the decanol-paraffin oil-water system
at equilibrium were measured, and these results
appear in Fig. 5. These data were used to calcu-
late equilibrium contact angles for decanol-
containing paraffin oil on the aquagel.

The contact angles were measured on pure,
decanol-free gel surfaces, and the results of these
measurements appear in Fig. 6. The decanol solu-
tions showed no significant hysteresis at any con-
centration, and the observed angles were ap-
proximately equal to the predicted Young's equa-
tion angles up to a concentration of 0.10%. Above
0.10% the observed angles were smaller than the
predicted values. Since the gel was initially dec-
anol-free, and since the surface pressure of dec-
anol becomes appreciable only at about 0.1%
decanol in oil, deviations of the contact angles
from the predicted values at the higher decanol
concentrations are in all likelihood due to a de-
ficiency of decanol at the gel-air interface.

The absence of contact angle hysteresis and the
close correspondence of the experimental and pre-
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Fig. 6.— cos 0vs. concentration of decyl alcohol in oil.

dieted contact angles for this system provide sup-
port for the hypothesis that: (1) Young's equation
is rigorously applicable to oil-silica gel-air systems
when equilibrium exists between bulk phases and
phase boundaries; and (2) deviations from Young’'s
equation and contact angle hysteresis occur in oil-
gel-air systems in the presence of a capillary active
material whose rate of adsorption or desorption is

sufficiently slow to permit abnormally high or low
boundary concentrations to persist for long periods.
Inasmuch as both decanol and hexadecanol are
quite soluble in oil, while only decanol shows ap-
preciable water solubility, one is prompted to
generalize that only capillary active species which
are virtually insoluble in the bulk solid (gel) phase
are capable of causing hysteresis. Fragmentary
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support for this postulate is provided by the ob-
servation that paraffin oil drops on silica aquagel
containing low concentrations of sodium nonyl-
benzene sulfonate (which is essentially oil-insoluble)
do not exhibit hysteresis. Additional investiga-
tion of a wider variety of gel systems is obviously
required to resolve this question properly.

It is hardly to be inferred from the foregoing
analysis that compressible boundary films provide
the only source of contact angle hysteresis on solid
surfaces. Surely macroscopic or microscopic
roughness and/or energetic heterogeneity are fea-
tures of most solid surfaces, and such features can
give rise to contact angle hysteresis in the absence
of adsorbed components. The success of this
analysis in accounting for hysteresis effects on silica
aquagel surfaces does, however, suggest that
boundary film compression is real, and can con-
stitute an important contributing factor in contact
angle hysteresis.

IV. Conclusions

The major conclusions drawn from this investiga-
tion are the following.

(1) Contact angle hysteresis of pure paraffin oil
and methylene iodide on silica aquagel surfaces is
absent when the system is free of capillary active
agents. Moreover, the observed contact angles are
essentially equal to the predicted Young's equation
angles, based on the boundary tensions of the solu-
tions before gelation.

(2) The applicability of Young's equation to
smooth, energetically homogeneous, solid surfaces
in the absence of capillary active contaminants
has been experimentally verified.

(3) Trace concentrations of hexadecanol dis-
solved in the oil phase cause marked contact angle
hysteresis provided surface and interfacial concen-
trations are less than those corresponding to a com-
pact monolayer. Hysteresis and disparity between
observed and predicted contact angles are adequately
accounted for in terms of compression of the inter-
facial hexadecanol monolayer during drop reces-
sion and/or incomplete equilibration of the gel sur-
face with hexadecanol during drop advancement.
Restricted lateral mobility of adsorbed molecules
at the gel boundaries, due to the presence of bar-
riers in the gel surface, must also exist to account
for the observations.

(4) Low concentrations of decanol in an oil-
silica gel-air system do not cause contact angle
hysteresis and do produce contact angles essentially
identical with those calculated with Young's equa-
tion from experimentally measured boundary ten-
sions.

(5) Only capillary active substances which can
withstand boundary compression without rapid
desorption are capable of causing contact angle
hysteresis in oil-silica gel-air systems.

(6) The concept of boundary film compression
as a cause of contact angle hysteresis on normal
solid surfaces may prove useful in the interpreta-
tion and analysis of solid wetting phenomena.
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DISCUSSION

Hartey Y. Jennings, Jr. (California Research Corp.).—
I am impressed with the accuracy claimed for the direct
measurement of contact angle, i.e., £0.4°. How was the
accuracy established and were any special mechanical de-
vices employed?

A. S. Michaets.—No special or unusual techniques were
employed to measure contact angles from drop-photo-
micrographs. The mean deviation of several independent
measurements (by protractor) of a given drop-profile was
of the order of 0.4°. As noted, however, the reproducibility
of angle measurements (from drop to drop under identical
conditions) was definitely poorer than the accuracy of meas-
urement.

K. J. Mysets (University of Southern California) and

A. S. Michaels (communicated).—An alternative ex-
planation for the failure of hexadecanol to spread rapidly
over a silica aquagel surface from an oil droplet may be as
follows: The spreading of monolayers from droplets onto a
free water surface is accompanied by significant shear in
the laminar sublayer of the substrate, since there is evi-
dently no “slip” between monolayer and substrate. The
commonly observed rapid spreading rates observed on water
surfaces may, therefore, not be a consequence of high
“lateral mobility” of molecules on the monolayer, but
rather of the high fiuidity of the substrate. In the present
case, this mechanism of spreading must be almost completely
inhibited by virtue of the rigidity of the gel substrate. If
so, the only remaining spreading mechanism operative may
be surface-diffusion which, for hexadecanol, whose “sur-
face vapor pressure” at ordinary temperatures is extremely
small, may be an exceedingly slow process. The indirect
evidence that n-decanol monolayers do spread with reason-
able rapidity on silica gel surfaces is consistent with this
picture, since this alcohol forms expanded monolayers on
water whose surface diffusion rates would be expected to be
quite high. These observations suggest that the use of
gelled substrates may provide a valuable approach for the
study of surface diffusion kinetics on water and other liquid
surfaces.

F. M. Fowkes (Shell Development Company).—-At-
tention should be directed to similar studies [W. M. Saw-
yer and F. M. Fowkes, J. Chem. Phys., 20, 1650 (1952);
J. Phys. Chem., 60, 1235 (1956)] which corroborate several
of the important points of this paper. In the first of these
the Young equation was tested with a series of distillation
fractions of a perfluorinated lubricating oil. These ranged
from fluid liquids to a glassy solid. All liquid fractions had
the same surface tension or interfacial tension vs. water or
hydrocarbons, and these measured tensions were used to
predict (with considerable success) the contact angles on the
glassy solid fraction. The second paper was concerned
with the spreading of octadecanol from a lens of oil onto an
aqueous substrate. Just as Prof. Michaels has demon-
strated, a critical concentration was found below which no
monolayer appears on the water surface, and above which
monolayers are present at both the water surface and water/
oil interface. These monolayers had identical film pressure
and area per molecule in the case of octadecanol, but with
shorter chain fatty acids the film at the oil/water interface
had a greater film pressure than that on the surface. This
difference was concentration-independent, in contrast to
some of the data presented by Prof. Michaels.

The lack of spreading of a monolayer from the lens onto
a silica gel surface is probably not an equilibrium situation,
but a rate effect. The slow rate of spontaneous spreading
on the very thin mobile layer of water on the surface of the
gel can be estimated from the rate data of D. J. Crisp,
Trans. Faraday Soc., 42, 619 (1946).
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The charge of the cationic species in dilute zirconium nitrate and zirconium sulfate solutions has been determined by coagu-

lation using negative silver bromide and silver iodide SoIS in statu nascendi. ; i
H range 5.5-7, a triply chagg'd hydrol¥$|s product is Tormed. Analysis
either dimeric species, ZA0H)63+ or trimeric species, ZrJOH)B+ ~ At
coagulation, the zirconium solutions reverse the charge of the silver

solutions of zirconium nitrate is Zr4+  Over the
of the coagulation data indicates the formation

concentrations somewhat higher than those which cause
halides. This effect is also p

At pH <2.5 the prevailing species in dilute

In solutions_of Zirconium sulfate, a slovv hydrolysis from Zr4+ to triply charged

H .
species occurs which has been foﬂ%d by coagulation.  This aging eventually culminates in"a precipitation.

Introduction

In the older literature, the “zirconyl” ion, Zr02+,
was generally considered the prevailing species in
aqueous solutions of zirconium salts.3 However,
as early as 1925, Britton4disputed its existence and
this opinion is now shared by many other investi-
gators.66 There have been a great many studies
which show that zirconium hydrolyzes and poly-
merizes and also that it complexes readily with
many anionic species. These processes depend
upon pH and concentration and in some cases they
are time dependent. The actual zirconium ionic
species in solution have been established with
certainty in only a few cases, although a tremen-
dous variety of different species has been suggested
by a large number of investigators.

The classical method for investigation of metal
ion hydrolysis, i.e., potentiometric titration, has
only limited use for zirconium because of the pre-
cipitation and flocculation that take place upon
addition of strong bases to zirconium solutions
even at low pH.378 Larsen and Gammill8 have
shown that such data can be used only indirectly
for the detection of hydrolyzed zirconium species
in solution.

Accordingly, other methods have been sought
among which the most successful appear to be (a)
an extraction method developed by Connick and
collaborators,9-11 using thenoyltrifluoroacetone as
a chelating agent for zirconium, (b) ultracentrifu-
gation as employed by Johnson and Kraus,61213
and (c) ion exchange studies performed by Lister
and McDonaldX4 and Larsen and Wang.55 These
methods also give data from which the extent of
hydrolysis and/or polymerization of zirconium may

(1) Part IV, E. Matijevi6, J. P. Couch, and M. Kerker, J. Phys.
Chew.., 66, 111 (1962).

(2) Supported by the U.S. Army Research Office Contract No.
DA-ORD-IO.

(3) See, e.g., A. Rosenheim and P. Frank, B er 40, 803 (1907).

(4) H. T.S. Britton, J. Chem. Soc., 127, 2120 (1925).

(5) W. S. Castor, Jr., and F. Basolo, J. Am. Chem. Soc., 76, 4807
(1953).

(6) J. S. Johnson and K. A. Kraus, ibid., 78, 3937 (1956).

(7) J. H. Hildebrand, ibid., 36, 847 (1913).

(8) E. M. Larsen and A. M. Gammill, ibid., 72, 3615 (1950).

(9) R. E. Connick and W. H. McVey, ibid., 71, 3182 (1949).

(10) R. E. Connick and W. H. Reas, ibid., 73, 1171 (1951).

(11) A. J. Zielen and R. E. Connick, ibid., 78, 5785 (1956).

(12) K. A. Kraus and J. S. Johnson, ibid., 75, 5769 (1953).

(13) J. S. Johnson and K. A. Kraus, Reports ORNL-607 (1949);
ORNL-1053 (1951).

(14) B. A. J. Lister and L. A. McDonald, J. Chem. Soc., 4315
(1952).

(15) E. M. Larsen and P. Wang, J. Am. Chem. Soc., 76, 6223 (1954).

be estimated but like the potentiometric method do
not lead directly to information about the ionic
charge. It should be pointed out that these meth-
ods are usually carried out in the presence of high
concentrations of perchlorate with the assumption
that perchlorate does not complex with zirconium,8 4
although such complexing has been proposed by
Jander and Jahr.16

The exact formulation of a complex hydrolyzed
species (in the absence of specific anionic complex-
ing) can be deduced if any two of the following
three quantities are known: (a) the metal-hy-
droxyl ratio in the complex ion, (b) the degree of
polymerization, and (c) the ionic charge. We will
apply the coagulation method to the direct de-
termination of the charge of the prevailing ionic
species at various pH's. Lister and McDonald
have attempted to determine the ionic charge by
ion-exchange measurements, but their method has
been questioned.T?

Coagulation has been applied successfully to
detect the charge of the hydrolyzed species of
thorium, Baluminum,192and zinc.1 In connection
with other data such as the metal-hydroxyl ratio,
it has enabled complete characterization of such
species. The method is based upon the determina-
tion of the concentration of salt necessary to
coagulate a lyophobic sol. This concentration, the
critical coagulation concentration (c.c.c.), depends
upon the charge of the counterion of the coagulating
electrolyte, decreasing very sharply with increasing
ionic charge (the Schulze-Hardy rule). In our
previous work silver halide sols have been used
and the relationship between the c.c.c. and the
charge of the counterion in solution has been quite
precisely established.21-23 This method has several
significant advantages: (a) it gives the charge of
the ionic species directly, (b) since the concentra-
tions of solutions used in coagulation experiments,
especially for counterions of higher charges, are
extremely low, activity effects and complexing

(16) G. Jander and K. F. Jahr, Kolloid-Beih., 43, 295 (1936).

(17) A.J. Zielen, Thesis, Report URCL-2268, 1953.

(18) E. Matijevic, M. B. Abramson, K. F. Schulz, and M. Kerker,
J. Phys. Chem., 64, 1157 (1960).

(19) E. Matijevi6, K. G. Mathai, R. H. Ottewill, and M. Kerker,
ibid., 65, 826 (1961).

(20) E. Matijevi6 and B. Teiak, ibid., 57, 951 (1953).

(21) E. Matijevi6é, D. Broadhurst, and M. Kerker, ibid., 63, 1552
(1959).

(22) E. Matijevi6, K. F. Schulz, and B. Teiak, Croat. Chem. Acta,
28, 81 (1956).

(23) B. Teiak, E. Matijevifc, and K. Schulz, J. Phys. Chem., 59, 769
(1955).
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LOG. MOLAR CONO. OF ZIRCONIUM NITRATE,

Fig. 1.—Coagulation (r, O; full line, 10 min., dashed line,
@GO min.), mobility («,0), and pH (A) curves of a negative
silver bromide sol in statu nascendi in the presence of various
concentrations of zirconium nitrate. Concentrations:
AgNO031X 10-4 M; KBr, 2 X 10~3M. A, the coagulation
limit of zirconium species for negative AgBr sol; B, stability
limit due to the reversal of charge effect; C, coagulation
limit of nitrate ion for the AgBr sol of reversed (positive)
charge.

with anions other than OH- are usually negligible,
and (c) the method does not require the presence of
large quantities of neutral electrolytes (such as
perchlorates). The shortcoming of the method is
that the concentration range of solutions under
investigation is limited to the c.c.c.

In this work we have determined the ionic charge
of the cationic species in aqueous solutions of
zirconium nitrate at various pH'’s using the coagu-
lation method. Also, specific time dependent
effects encountered with zirconium sulfate have
been explored. All of these studies apply to dilute
solutions (<10~4 M). We have concluded that
at pH <2.5 the predominant species both in zir-
conium nitrate and zirconium sulfate solutions is
non-hydrolyzed, non-polymerized Zr4+ and that
for zirconium nitrate solutions there is a triply
charged species over the pH range 5.5 to 7.0, which
is either a dimer Zr2OH)33+or a trimer Zr3(OH)RB+.
Aged zirconium sulfate solutions also contain a
triply charged species which may include sulfate
ligands.

All the zirconium solutions studied reverse the
charge of the initially negative silver halide sols at
sufficiently high salt concentrations.

Experimental

Materials.— All materials used were of highest purity
grade, and the water was doubly distilled, the second
distillation being carried out from an all-Pyrex still. The
concentration of all stock solutions was determined by
gravimetric analysis of zirconium.

Methods.— Coagulation experiments were performed
with silver bromide and silver iodide sols in statu nascendi
following the procedure described in detail previously.192024
The sol concentration was 1 X 10~4M silver halide and the
concentration of excess halide ion was 1.9 X 10-3 M.
The pH of solutions was adjusted by addition of IiNOi or
NaOH. When NaOH was used, AgNO03 and zirconium
nitrate were in one solution prior to mixing and KBr (or
K1) and NaOH in another. Parallel runs were prepared
without KBr (or K1) in order to determine whether insoluble
metal hydroxides were formed. Only systems where no

(24)
1557 (1951).
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precipitate appeared in these blanks were utilized in the
coagulation experiments.

The electrophoretic mobility of the silver halide bo1
partices was determined using a microelectrophoresis
equipment with a Mattson type cell,% as described pre-
viously.19

All pH measurements were made with a Beckman Model
G pH meter with glass electrodes, calibrated with appro-
priate buffer solutions prior to each measurement.

Results

Experiments with Zirconium Nitrate—-An ex-
ample of the coagulation curves of zirconium nitrate
with a silver bromide sol, with accompanying pH
and electrophoretic mobility data, is given in Fig. 1.
In this case, where there is neither addition of
free acid nor free base, the pH is determined pri-
marily by the zirconium concentration. These
coagulation curves are quite typical of counterions
that reverse the charge of the colloidal particles.
That such reversal of charge actually takes place
in this particular case is shown by the electrophore-
sis experiments. The mobility of the originally
negatively charged sol in the absence of added
zirconium nitrate is indicated by the arrow on the
mobility coordinate. The negative charge de-
creases with increasing Zr concentration, eventually
becoming positive. This explains the shape of the
coagulation curve. The extent of coagulation
is detected by the intensity of light scattered by the
sol particles.® At very low concentrations of added
zirconium salt there is too little electrolyte to
coagulate the sol, which is stabilized by the ad-
sorbed excess halide ions. At limit A the nega-
tively charged sol is coagulated as is indicated by
the increase in fight scattering. This coagulation
is due to the cationic species present in the zir-
conium nitrate solution. At still higher concen-
trations, reversal of charge takes place and the sol
again is stabilized. At limit C the now positively
charged sol is coagulated by anions, mainly NO3
in this case. The critical coagulation concentration
(c.c.c.) of zirconium species is obtained by extrap-
olating the steep part of limit A to zero light
scattering. The stability limit is obtained by a
similar extrapolation of B. Both A and B are quite
sensitive to the charge of the counterion. Ac-
cordingly, as the counterion undergoes change of
charge with pH due to either hydrolysis or poly-
merization, these limits will shift accordingly.
It is the coagulation limit A to which the Schulze-
Hardy rule applies and which is used in this work
to determine the charge of the cationic species.
The two curves represent the fight scattering 10
and 60 minutes from the moment of mixing the
reacting components. In this case, there is only a
smaL difference between the results at these two
times and either can be used to follow these effects.

The influence of pH upon the c.c.c. and the
stability limit of reversal of charge (B) is demon-
strated in Fig. 2. In the upper diagram, 2 X 10~3
M nitric acid was added to the system. At this
lower pH the c.c.c. is about one order of magnitude
lower than in the previous diagram. Limit (B)
undergoes a much smaller shift. In the lower dia-

(25) S. Mattson, ibid., 32, 1532 (1928); 37, 223 (1933).
(26) The intensity of scattered light plotted in Fig. 1 and 2 actually

B. Te2ak, E. Matijevic, and K. Schulz, J. Phys. Chem., 5B, corresponds to turbidity when the particles are sufficiently small

to act as Rayleigh scatterers and the sol sufficiently dilute.
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gram, the pH has been increased by addition of a
small amount of NaOli with a consequent shift in
both limits A and B toward higher zirconium con-
centrations. Only the 10-minute diagrams are
given.

Additional experiments were performed with a
large number of systems systematically changing
the pH and using both silver bromide and silver
iodide sols. The c.c.c.’s and the stability limits ob-
tained by extrapolation of limits A and B, respec-
tively, are plotted against the corresponding pH
in Fig. 3. Open circles and squares give the
dependence of the c.c.c. on pH whereas the full
circles and squares give the stability limits for silver
bromide and silver iodide sols, respectively. The
dependence of c.c.c. on pH shows a very characteris-
tic trend. For pH <2.5 the c.c.c. remains con-
stant. It then increases steadily until another
plateau is reached over the range from pH 5.5 to
7. Above pH ~7, the c.c.c. rises again. The
concentration of zirconium at the reversal of charge
stability limit decreases with decreasing pH and
also levels off below pH ~ 3.3.

Experiments with Zirconium Sulfate.—That
there are differences in the properties of aqueous
solutions of zirconium sulfate and those of other
zirconium salts has been pointed out by many
investigators.891427-30 Although zirconium sulfate,
Zr(S04)2 is extremely soluble,3l a white colloidal
precipitate will separate out from a solution of even
moderate concentration after a short time. Ap-
parently an insoluble basic sulfate is formed.
We have studied the solubility relations of zirco-
nium sulfate and these will be reported later. Here,
we present coagulation studies of the zirconium
sulfate solutions prior to the formation of a precip-
itate. These provide information about the ionic
species in the homogeneous solution. The age of
the solution at which the solid phase appears in
zirconium sulfate solutions depends upon concen-
tration and pH. Addition of nitric acid delays the
formation of the precipitate, suggesting that
hydroxyl ions are incorporated in the hydrolyzed
cation which precipitates with sulfate. Thus, a pre-
cipitate will form ina 2 X 10~4M solution of zirco-
nium sulfate in the presence of 0.004,0.002, and 0.001
M HNO3after 4 days, 2 days, and 10 hr., respec-
tively. Precipitate forms sooner with increasing con-
centration of zirconium sulfate. At about 10-3 M,
a solid separates out within minutes of dissolution
of the salt. However, at still higher concentra-
tions, the process is slowed down again and at
about 10~2 M the precipitate appears only after
several hours. This probably is due to the lower
pH caused by the hydrolysis of zirconium at these
high concentrations.

Coagulation experiments were carried out with
solutions obtained by dilution of 2 X 10-4 M
zirconium sulfate stock solutions which were
either 0.004, 0.002, or 0.001 M HNO3 The depend-
ence of c.c.c. as a function of age of the stock
solution was studied. Silver bromide sols in statu

(27) E. Chauvenet, Ann. chim. (Paris), 13 59 (1920).

(28) W. B. Blumenthal, J. Chem. Educ., 26, 472 (1949).

(29) R. Ruer, Z. anorg. Chem., 42, 87 (1904).

(30) M. Adolf and W. Pauli, Kolloid-Z., 29, 173 (1921).
(31) O. Hauser, Z. anorg. Chem., 54, 196 (1907).
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Fig. 2.—Coagulation (r,0), mobility («,01), and pH (A)
curves of a silver bromide sol in statu nascendi in the presence
of various amounts of zirconium nitrate. Concentrations:
AgNO3 1 X 10-4m; KBr, 2 X 10“3m; HNO3 2 X 108
M (upper); NaOH, 1.5 X 10-4 m (lower curve).

Fig. 3.—Plot of the critical coagulation concentration
(lower curves, open signs) and stability limit due to the re-
versal of charge (upper curve, blackened signs) against pH
for zirconium nitrate for a silver bromide sol (O,«) and a
silver iodide sol (0,1) in statu nascendi. Concentrations:
AgNO03 1 X 10~4m; KBr orKl, 2 X 10~3IK; HNOs or
NaOH, varied.

nascendi served as the colloidal system. The
light scattering data were taken 10 minutes after
preparation of the colloidal system in order to
minimize the duration of the coagulation experi-
ment with respect to the age of the zirconium sulfate
solution.

The results are shown in Fig. 4 as c.c.c. against
age of the stock solution. All experiments were
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Fig. 4—Plot of the critical coagulation concentrmon of
zirconium sulfate for a negative silver bromide sol 111 statu
nascendi against the age of the zirconium sulfate stock solu-
tion. Concentrations: AgNOj 1 X 10“4M; KBr, 2 X
10~3if; HNO3 1 X 10~32 X 10~3and4 X 1 0 M, re-
spectively. _ The concentratign of the zirconium sulfate
stock solution was 2 X 10~4

performed before onset of precipitation. In the
presence of 0.001 and 0.002 M HNO3 the c.c.c.
increases rapidly with age to a limiting value.
The process is considerably slower in the presence
of 0.004 M HNOs.

Similar experiments were performed with zir-
conium sulfate stock solutions of both higher and
lower concentrations and analogous effects were
observed.

Discussion

The c.c.c. of the zirconium nitrate solutions at
pH <2.5 is 8 X 10~7M, which agrees quite pre-
cisely with the value for counter ions with a charge
of -{-4.18.21,22,32,33 There seems little doubt, then,
that in these extremely dilute solutions and at pH
<2.5 the zirconium species is hydrated Zr4+. The
existence of Zr4+ ion in acidic solutions also has
been reported recently by several other investi-
gators.11-16i7.34 The only ones to oppose it were
Lister and McDonald, but Larsen and Wangb
have indicated that their interpretation of the data
was not entirely correct.

It should be pointed out that we find non-
hydrolyzed zirconium species at pH’s that are
somewhat higher than those reported by others.
However, the concentration of zirconium in our
experiments is considerably lower than reported
elsewhere. In view of the strong concentration
dependence of hydrolysis and polymerization, 11-173
it is quite reasonable to assume that in very dilute
solutions of zirconium the simple species are
predominant at somewhat higher pH’s than in
concentrated solutions.

Still another problem should be mentioned, viz.,
possible complexing with nitrate ions since it is
known that nitrate may form complex species
with zirconium.Zr343 However, these complexes

(32) H. R. Kruyt and S. A. Troelstra, Kolloid-Beih., 54, 262 (1943).

(33) B. Te2ak, E. Matijevi6, and K. Schulz, J. Am. Chem. Soc.,
73, 1602 (1951).

(34) W. H. McVey, unclassified U.S. Atomic Energy Commission
Report, HW-21487, 1951.

(35) A. S. Solovkin, Zhur. Neorg. Khim., 2, 611 (1957),
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were detected in concentrated nitrate solutions
(HNOs solutions having ionic strength up to 4).
Also, unless such a complex was polymeric, which
is unlikely at such high dilutions, the ionic charge
would be less than four and so under the condi-
tions considered here the possibility of such com-
plexing with nitrate may justifiably be eliminated.

As the pH increases above 2.5 the coagulation
concentration also increases, indicating the forma-
tion of species of lower charge. Since the trend is
continuous, there is a range of pH where there is a
mixture of at least two species in variable ratios.

Over the pH range 5.5 to 7 another plateau is
encountered where the existence of one predomi-
nant species may be assumed. The c.c.c. is 6 X
10 M and 8 X 10~5M for AgBr and Agl sols,
respectively. This c.c.c. is quite close to the
values obtained with triply charged counterions,
which is normally in the range of 3 X 10 M.
Doubly charged counterions coagulate at much
higher concentrations (> 10-3 M) and quadruply
charged ions as seen above coagulate at much
lower concentrations (<10-6 M). Accordingly,
the zirconium species under these conditions (pH
5.5-7.0) must be triply charged and can be repre-
sented by the formula [Zrn(OH)4,-3]3+. It will be
our next task to try to elucidate which of the
possible species is most probable. This could be
done directly if either the metal-hydroxyl ratio
or the degree of polymerization was known.

We have been unable to obtain these data for the
highly dilute solutions used in these experiments.
However, a more careful analysis of the coagulation
data as follows does lead to either the species
ZrAOH)63+ or Zr3OH)PB+.

The c.c.c. of 6 X 10-6 M reported here with the
AgBr sols is somewhat higher than encountered for
other triply charged counterions using the same
AgBr sol. Thus the c.c.c. for Al3+is 2.8 X 10~6
M ,for La3+is 3 X 10~6M ,2Fand for ThOH3+
is 25 X 10~6 M.Is However, if the zirconium
species were polymerized, the molarity of actual
hydrolyzed zirconium ions in solution would be
lower and the calculated c.c.c. would depend on
degree of polymerization. Assuming a dimer or a
trimer the c.c.c. would be 3 X 10~6and 2 X 10~5
respectively. Both values are within the range of
c.c.c. for ionic species of +3. However, it is not
possible to distinguish between Zr2(Ol1)63+ and
Zr3(OH)®B+ from coagulation measurements alone.
Tetramers do not seem likely because the c.c.c.
thus obtained is on the low side of the range
normally expected for triply charged cations.

It was mentioned earlier that the Zr-OH ratio is
very difficult to determine. Larsen and Gammill8
proposed [Zr(OH)34-6+]nbased upon potentiomet-
ric titration. In order to have a species of charge
of +3 a pentamer must be assumed. However,
their method is rather difficult to apply because of
precipitate formation during the titrations. Also,
their lowest concentration was more than two orders
of magnitude higher than the highest concentra-
tion used here. We have attempted to titrate
solutions in the concentration range of the c.c.c.

(36) B. Teiak, E. Matijevi6, and K, Schulz, J. Phys. Chem., 55, 1567
(1951).
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but because of the very low concentrations the
results are inconclusive.

Also, there are very few conclusive data on the
degree of polymerization. Several investigators
assumed the existence of dimeric hydrolyzed
species.6 10888 Recent experiments using an
ultracentrifugation method indicate that zirconium
does not show continuous polymerization and that
only polymers of lower molecular weight are
formed. This is in agreement with our findings.
Furthermore, these ultracentrifugation data indi-
cate trimers and tetramers as predominant
species.612 Similar results were obtained from
extraction experiments. Connick and collabora-
tors11-I7 have proposed that hydrolyzed zirconium
ions are trimers and tetramers, but the number of
OH ligands could not be definitely evaluated by
their technique. It would follow from our charge
determination that, if trimers are the predominant
species, nine OH groups are coordinated in the
complex ion.

We prefer, however, to leave the question,
whether Zr2(OH)63+ or ZrOH)%B+ is the predomi-
nant species, open until degree of polymerization or
the Zr:OH ratio is determined beyond any doubt.

Finally, it is interesting to note, that the onset of
polymerization was found by other investigators
to be in the range of 10-4 M zirconium (varying to
a certain extent with the amount of added acid),

(37) W. B. Blumenthal, Ind. Eng. Chem., 40, 510 (1948).
(38) E. Chauvenet and L. Nicolle, Compt. rend., 166, 781 (1918).
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which is also in good agreement with our observa-
tions.

From Fig. 4 it is apparent that in the fresh
solutions of zirconium sulfate the c.c.c. is about
the same as in zirconium nitrate solutions at the
corresponding pH. However, unlike zirconium
nitrate, which does not change over a period of
several months, the zirconium sulfate shows
an aging effect resulting finally in the formation of
a precipitate. Figure 4 reveals (a) that the forma-
tion of the precipitate is preceded, during the
homogeneous stage, by a reaction which results in
the formation of cationic species of lower charge
and (b) that this reaction is progressively retarded
with increasing concentration of hydrogen ions.
Accordingly, this aging must involve the formation
of basic zirconium sulfate ions. Since the c.c.c.
in the presence of 0.001 M and 0.002 M HNO3
levels off at values characteristic for triply charged
counterions, such ions must be polymerized and
can be represented by [Zrn(0 H)mM(S0 4 2h-(m+3/2]3+.
Although the precipitate has not yet been char-
acterized completely, analysis shows that it con-
tains both zirconium and sulfate and in view
of the pH effect it most probably is a basic zirco-
nium sulfate. If this precipitate can be character-
ized then an analysis of the general precipitation
curves as carried out earlier with other systems®
may lead to elucidation of this basic zirconium
sulfate complex ion.

(39) K. F. Schulz, E. Matijevic, and M. Kerker, J. Chem. Eng.

Data, 6, 333 (1961).
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DEVELOPMENT OF SURFACE IN THE HYDRATION OF CALCIUM
SILICATES. Il. EXTENSION OF INVESTIGATIONS TO EARLIER AND
LATER STAGES OF HYDRATION

By D. L. Kantro, Stephen Brunauer, and C. H. Weise

Portland, Cement Association Research and Development Laboratories, Skokie, Illinois
Received March 12, 1962

The investigation of the paste hydration of tricalcium silicate, Ca35i06 and /3-dicalcium silicate, /3-Ca2Si04 published
earlier has been extended to reaction times shorter than 1 day and longer tfian 200 days. As in the earlier work, the reac-
tions were investigated at three temperatures, 5, 25, and 50°. On the basis of determinations of the compositions and the
specific surface areas of the hydration products at various times, it has been found that there are three stages in the hydra-
tion reactions: (1) the formation of a lime-rich, low surface area primary product, (2) the conversion of this into a lime-poor,
high surface area intermediate product, and (3) the conversion of the unstable intermediate into the final stable calcium
silicate hydrate, called tobermorite gel or tobermorite (G). A mechanism is proposed for both reactions, which involves
(1) the formation of a gel coating on the surfaces of the unhydrated substrate, (2) the splitting-off of thin sheets, one and
two molecular layers in thickness, from the gel coating, and (3) the conversion of the thin sheets into stable tobermorite (G),
which consists of sheets having thicknesses of two and three molecular layers. Some quantitative and qualitative conse-
guences of the proposed mechanism are deduced, and they are shown to account for several important aspects of the hydra,-

tion reactions.

Introduction

An understanding of the reactions of tricalcium
silicate, Ca3yiC6 and /3-dicalcium silicate, CaZSi04,
with water is of fundamental importance in the in-
vestigation of the chemistry of portland cement.
These silicates are the major constituents of
Portland cement, and the behavior of the cement-
water system is similar to the behavior of the Ca3
Si0O5H 2D and CaXi04-H 2D systems.

Over a period of years, the stoichiometry and
energetics of the Caxli0O6HXD and CaXSi04HD
reactions have been investigated.1-3 It was shown
that the products of hydration are well crystallized
calcium hydroxide and a poorly crystallized cal-
cium silicate hydrate of variable composition.4
There is a group of calcium silicate hydrates which
has been called tobermorites, because of their
similarity to the natural mineral tobermorite
(5Ca0-6Si025HA). The hydrates obtained in the
hydration of the calcium silicates constitute a sub-
group of this group. Because the hydrates are
gels, the subgroup is called tobermorite gel or
tobermorite (G).

The calcium silicates are low surface area sub-
stances, but tobermorite (G) has a high specific sur-
face area. The development of surface area in the
hydration of calcium silicates has been investigated
earlier6 for periods ranging from 1 to 200 days.
The paper on this work will be referred to as Part
I. It reported on the variation of the composition
of tobermorite (G) with time and temperature as
well as on the relationship between specific surface
area and composition. Most of Part | was con-
cerned with that part of the hydration process
during which composition and specific surface area
changed slowly and only slightly. The present

(1) S. Brunauer, L. E. Copeland, and R. H. Bragg, J. Phys. Chem.,
60, 112, 116 (1956).

2) 6 Brunauer, D. L. Kantro, and L. E. Copeland, J. Am. Chem.
Soc., 8 ) 761 (1958).

(3) S. Brunauer, D. L. Kantro, and C. H. Weise, Can. J. Chem,, 37,
714 (1959).

(4) S. Brunauer, Am. Scientist, 50, 210 (1962).

(5) D. L. Kantro, S. Brunauer, and C. H. Weise, “Development
of Surface in the Hydration of Calcium Silicates,” Advances in Chemis-
try Series, No. 33, American Chemical Society, Washington, D. C.,
1962. p. 199.

paper deals primarily with the early stages of hy-
dration, during which the changes in composition
and surface were rapid and large.

The two papers together cover the hydration of
CasSi06from 0.5 hr. to 400 days (5 to 100% hydra-
tion) and that of CaZi04 from 1 hr. to 400 days (0
to 84% hydration). The temperatures employed
were 5, 25, and 50°, as before. From the composi-
tions and the specific surface areas of the hydration
products, a mechanism of the hydration process is
deduced which is consistent with the experimental
findings.

Experimental

The Ca3Si06 and 3-Ca2Si0 4used were from the same supply
as in Part I. The paste preparations were carried out by
the vacuum mixing technique. Each paste was subjected
to loss-on-ignition and carbon dioxide content determina-
tions. Free calcium hydroxide contents .were determined
by the modified Franke method (time variation method)6
and X-ray quantitative analyses were performed as de-
scribed in Part I. The surface areas of all pastes were
measured by water vapor adsorption, those of Ca3SiOs
and CaZSio0 4, prior to hydration, were measured by nitrogen
adsorption.

Results

X-Ray analysis showed that the composition of
Cax=i04 reported in Part 1 had to be revised.
The composition used in the present paper is
99.37% CaXi04 (with 2.47% CaO and 0.47% B 3
dissolved in it), 0.32% Ca3Ald6 0.05% MgO,
0.20% CaO, and 0.06% Si02 The composition of
the CaXi06 preparation is the same as in Part I,
98.18% Ca3Si06 0.53% Ca3AlD G and 1.29% CaO.
The compositions of the pastes were calculated as
in Part I. The revised compositions of the older
CaXsi04 pastes, based on the newly calculated com-
position of Cazi04 are not significantly different
from those reported in Part I.

The pastes included in this investigation which
were not reported in Part | were those, both Ca3
Si05and CaZsi04 hydrated for times less than 1
day; CaZiO4pastes hydrated at 5° for 9, 120, and
400 days (the 9-day paste being a repeat of a pre-
vious one), at 25° for 120 days, and at 50° for 400

(6) E. E. Pressler, S. Brunauer, D. L. Kantro, and C. H. Weise,

Anal. Chem., 33, 877 (1961).
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days; and Ca3i06 pastes hydrated at 5° for 400
days and at 50° for 400 days.

A separate group of CazSio4 pastes was hydrated
at 25° for 4, 5V2 7, 12, and 24 hr. These pastes,
which had not yet set, were filtered, and the filtrates
were analyzed for calcium ion concentration and
pH. The calcium ion concentrations were 0.0295,
0.0275, 0.0262, 0.0216, and 0.0161 M, and the
pH values were 12.48,12.45,12.45,12.40, and 12.20,
respectively.

The degree of hydration of a paste is, as pre-
viously, the ratio of the amount of calcium silicate
which has disappeared in the hydration to the
amount originally present. The correction for ex-
cess CaO in CazSios will be discussed later. The
degrees of hydration of Ca:Sio4 and Ca3Xi06 as
functions of time at the three temperatures used
are plotted in Fig. 1 and 3, respectively. The
corresponding Vm values (which are proportional
to the surface area) are plotted as functions of
time in Fig. 2 and 4, respectively. The logarithmic
time scales in Fig. 1 through 4 have been used only
to facilitate graphical presentation of the data.

Discussion

A. Surface Area and the Degree of Hydration.
—A comparison of Fig. 1 and 2 and of Fig. 3 and
4 shows that the similarities in Vmvs. time curves
to degree of hydration vs. time curves found pre-
viously for hydration times from 1 to 200 days ex-
tend to the earlier and later times included in the
present investigation.

It also can be seen in Fig. 1 that no measurable
hydration of CaZi04at 5° occurs in pastes as old
as 12 hr. Similarly, as shown in Fig. 2, there is
no measurable surface area in these samples. In
spite of these results, the free Ca(OH)2 contents
increase continuously from an initial value of
0.0020 g. CaO/g. ignited weight in the unhydrated
material to 0.0113 g. CaO/g. ignited weight in the
12-hr. sample. This increase in free Ca(OH)2is
attributed to hydration of the excess CaO dissolved
in Cazsi04 even though no reaction of CaXSi0O4it-
self has yet occurred, as determined by X-rays.
On the basis of this result, it was assumed that this
much CaO hydrated prior to CazSios reaction at
any temperature and that the remaining excess CaO
hydrated in proportion to the degree of hydration
of the CazSio4.

The temperature dependence of the Ca”SiCh hy-
dration is normal up to 60 days. At equal times,
the 50° specimens are more hydrated than the 25°
specimens, which are in turn more hydrated than
the 5° specimens. After 60 days, the normal tem-
perature dependence breaks down. The hydra-
tion at 50° seems to stop, though incomplete, at
about 100 days, and the 5 and 25° curves appear to
cross each other at about 400 days. That the Fm
curves are not exactly like the degree of hydration
curves is illustrated by the slight increase in Vm
values from 100 to 400 days for CaXxi04 hydrated
at 50° while the degree of hydration remains un-
changed.

The CasSios hydration at early ages bears cer-
tain resemblances to that of Cazi04 There is a
normal temperature relationship for the degree of
hydration up to about 20 hr. Although some Ca3
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Fig. 1.—Percentage hydration of Ca2Si04vs. time.

Fig. 2.—Surface development in the hydration of CaiSiO,
vs. time.

Fig. 3.—Percentage hydration of Ca3Si06vs. time.

Time, days

Fig. 4.—Surface development in the hydration of Ca3Si06
ws. time.
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Fig. 5.—Molar Ca0O/Si02 ratio of tobermorite (G) vs. per-
centage hydration of CazSiOt.

SiObis hydrated at 5° even at only 0.5 hr., there is
no change in the degree of hydration within experi-
mental error up to 12 hr. During this same period,
the "Fmvalues increase only slightly. After 12 hr.,
there is a sharp increase in hydration, and after 1.5
days, the 5° samples are more hydrated than those
at higher temperatures. Hydration is complete at
400 days regardless of temperature.

Thus hydration of both Cazi04and Ca3siOB at
5° proceeds at a significant rate only after an induc-
tion period of about 12 hr. A similar result was
found for portland cement. An induction period
of about 1 hr. is indicated in the hydration of Ca2
Si04at 25°. The induction periods in the hydra-
tion of Caxsi04at 50° and CaXSi06at 25 and 50°, if
they exist at all, last for considerably shorter times
than half an hour.

B. The Stoichiometry of the Hydration Reac-

tions.— In the presentdiscussion, the stoichiometric
considerations will berestricted to an examination
of the molar CaO/SiO 2ratios of the calcium silicate
hydrate formed. These ratios for hydrates pro-
duced in the hydration of CazSi0O4are plotted in Fig.
5 against the degree of hydration for the three tem-
peratures. The three curves are similar in that
each passes through a minimum and continues to
rise thereafter. The product formed at the incep-
tion of hydration has a high CaO/Si0O2ratio, per-
haps as high as 2, which is that of CaZi04 itself.
This intermediate product loses CaO and the CaO/
SiO2ratio of the product falls off, then the resultant
low CaO/Si02 ratio material takes up CaO, and
the CaO/Si02 ratio increases. At the minimum,
the CaO/SiO2ratio is between about 1.1 and 1.2.
The minimum occurs at higher degrees of hydration
the lower the temperature. Because the experi-
mental points for the 25° data did not define the
position of the minimum well, it was estimated
from the positions of the better defined 5 and 50°
minima.

The calcium ion concentration and the pH re-
sults at 25° indicate a gradually decreasing super-
saturation with respect to Ca(OH)2from 4 to 12
hr. Shortly after 12 hr., the solution becomes un-
saturated, and at about the same time the minimum
CaO/Si02ratio in the solid is reached. These re-
sults indicate that (1) the initial high-lime product
is so unstable that it loses lime even in a super-
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saturated solution; and (2) the low-lime inter-
mediate which results takes up lime from the solu-
tion because it is unstable with respect to the final
tobermorite (G). The solution becomes unsatu-
rated for a while because the rate of uptake is
greater than the rate at which the solution can be
replenished by the free solid Ca(OH)2also present.

The observed CaO/Si0O2ratios are mean results
for mixtures of intermediates and final products
and only when hydration has proceeded to more
than about 50% do the ratios provide a good esti-
mate of the composition of the stable tobermorite
(G).

The CaO/Si02ratios of the calcium silicate hy-
drates formed in the hydration of Ca®i06 at the
three temperatures investigated are plotted in Fig.
6. Here, too, the initial product has a high CaO/
5102 ratio, perhaps as high as 3, the ratio in Ca3
Si06. The ratio falls rapidly at first, then gradu-
ally to complete hydration. There is no indication
that the CaO/SiO2ratio passes through a minimum.
It seems likely that the first step in the reactions of
both Caxi04and Ca3siOB with water is the forma-
tion of a product with a CaO/Si0O2ratio the same as
the material from which it formed. This initial
product loses lime rapidly, but not instantaneously.
In the case of CaZi04 the calcium silicate hydrate
is low in CaO with respect to the final product,
whereas in the case of Ca3Xi0§ it is still high in
CaO; hence it continues to lose CaO.

C. Stoichiometry and Surface Development.
A Hydration Mechanism.—1. The variation in
the surface area of tobermorite (G) as a function of
degree of hydration for pastes of CaXSi04and Ca3
5103 hydrated at 25° is represented in Fig. 7.
Each curve passes through a maximum before at-
taining a practically constant value. These data
indicate three different stages in the hydration
process: (1) the formation of a low area hydration
product, (2) the transformation of this to a high
area intermediate, and (3) the conversion of this
intermediate to the stable tobermorite (G) with
somewhat lower specific area. The CaO/Si02data
also indicate three stages in the process, though
the last two stages are not as distinct for CaXiOs
as for Caz=io4

Taken together, these results can be interpreted
in the following manner. The primary product of
hydration is a gel coating on the original un-
hydrated substrate, which builds up to many layers
in thickness. The CaO/SiO2ratio of this gel may
be as high as that of the substrate itself. During
the second stage, thin sheets split off the gel coat-
ing, and the CaO/Si0O2ratio drops sharply. The
specific surface area indicates that the split-off
sheets are one and two molecular layers in thick-
ness. During the third stage, the unstable inter-
mediate converts into stable tobermorite (G),
which consists of sheets that are two and three
molecular layers hi thickness, as has been shown in
Part I. It also has been shown in Part | that
thicker sheets have higher CaO/SiO2ratios, so dur-
ing the third stage this ratio increases.

2. With certain assumptions, both the composi-
tion and the thickness of the gel coating can be
estimated for the lowest and highest area samples,
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the thickness in terms of number of layers. First
of all, assumptions must be made regarding the
compositions of the split-off sheets la and L2 which
have thicknesses of one and two molecular layers,
respectively. It was shown in Part | that the
layers of tobermorite are cemented to each other
by lime; it is reasonable to suppose, therefore, that
Li contains no such cementing lime. The simplest
assumption is that Lxis the 2:1 tobermorite layer
of Megaw and Kelsey,7 which has a CaO/Si02
ratio of 0.67. There must be some cementing lime
in L2 it must have, therefore, a higher CaO/Si02
ratio than Li. If it is assumed that one molecule
of CaO is needed to cement two unit cells (more
accurately, pseudocells) to each other, the CaO/
Si02 ratio in L2is 0.92. One may arrive at the
ratio in L2in a somewhat different way. In the
third stage of the hydration, lime is taken up; con-
sequently, L2 must have a lower CaO/Si02 ratio
than the stable two-layer tobermorite (G), which
will be designated T(G)2 The CaO/Si02 ratio
of T(G)2is 1.39, aswas shown in Partl. The CaO/
Si02 ratio of L2 must be between 0.67 and 1.39;
and not knowing what it actually is, one may take
the average, which is 1.03. On the basis of these
considerations, it will be assumed that the CaO/
Si02ratio in L2 is 1.00, which cannot be too far
wrong.

The specific surface areas of Li and L2 can be
calculated from the equation

where At is the specific surface area of a tobermorite
sheet n layers thick, N is Avogadro’s number, Mt
is the weight of a pseudocell containing one mole-
cule (or the molecular weight), and a = 20.35 X
10~16cm.2 the area of the ab face of a pseudocell.
Because the area contributed by the two sides of
the sheet is orders of magnitude greater than the
area along the edges, the latter is neglected.
Equation 1gives 1257 and 526 m.2g. for the specific
surface areas of Li and L2 respectively.

Besides the assumptions about the compositions
of Li and L2 two other assumptions enter into the
calculation of the gel coating thickness. The firstis

Au= AQl - a) 2

where Aais the area of the remaining unhydrated
material in the paste per gram of the original sili-
cate, AQis the specific surface area of the original
silicate (0.67 m.2g. for both silicates), and a is the
fraction of the material hydrated. Equation 2 is
strictly valid only for monodisperse systems. The
second is

Ap = Ap + fiiAi - /22i2 3)

where Apis the area of the paste per gram of origi-
nal silicate; ft and & are weight fractions of Lj and
L2 and Ai and A2are the specific surface areas of
Li and L2 respectively. The assumption here is
that at the early stages of hydration considered,
the amounts of the stable two and three-layer
tobermorites, T(G)2and T(G)3 present in the sys-
tem can be neglected.

(7) H. D. Megaw and C. H. Kelsey, Nature, 177, 390 (1956).
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Fig. 6.— Molar CaO/Si02 ratio of tobermorite (G) vs. per-
centage hydraticn of Ca3Si06

Fig. 7.—Surface area of tobermcrite (G) as a function of per-
centage hydration.

3. The calculated CaQ/Si02 ratios and thick-

nesses of the gel coating are given in Table I. For
Ca3X»ioB, the lowest specific surface area was ob-
served for the paste hydrated at 5° for 0.5 hr. If
all the split-off gel was Li, the maximum thickness
of gel coating is obtained, which is 25 layers. If all
the split-off gel was L2 the minimum thickness of
24 layers is obtained. The latter calculation leads
to an absurd value for the CaO/SiO2 ratio, 3.12.
The ratio cannot be higher than 3.00, which is the
ratio in Ca3XiOe. This indicates that all the split-
off gel was Li.

Table |

Gel Coating CaO/Si02R atios and T hicknesses
Gel coating
Thick-

Hydrated Hydration CaO/ ness,

fit/
(it + fit)

substance conditions SiOi layers
Ca3si0o6 0.5 hr. at 5° 1.00 3.01 25
Ca3sio6 0.5 hr. at 5° 0.00 3.12 24
Ca3io, 6 hr. at 25° 1.00 2.87 33
Ca3sio3 6 hr. at 25° 0.90 3.00 30
Caz=io, 4 hr. at 25° 1.00 1.83 28
CasSiO. 4 hr. at 25° 0.00 1.94 23
CaXxi04 14 days at 5° 1.00 1.43 72
CasSiCb 14 days at 5° 0.6s 1.44 62

For the lowest area CaXsi04 paste, 4 hr. at 25°,
the calculations of both extremes give reasonable
values. The average of the extremes is a CaO/
SiO2ratio of 1.9 and a coating thickness of 25 layers.
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The minimum area for both silicates was ob-
tained after about 5% hydration. At this stage of
hydration, the thickness of the gel coating is about
25 layers for both silicates, and the Ca0/SiO2ratio
is close to that of the original silicate. It may be
added that the thickness of one layer is about 10 A.,
and the diameter of the unhydrated grain is of the
order of 3to 6

4. The calculation of the composition and thick-
ness of the gel coating in the maximum surface
area pastes involves an additional assumption.
Because the stable tobermorites consist of two and
three-layer sheets and the unstable tobermorites of
one and two-layer sheets, the following reactions
must take place

(@ Li+ Lx= T(GU
(b)) Lx+ L2= T(G)3 1

It is unlikely that two sheets can condense in the
aqueous phase to form a thicker sheet; it is more
likely that some of the sheets dissolve and pre-
cipitate on other undissolved sheets to form thicker
sheets. Because the surface free energy of Lx is
twice as high as that of L2 Lx dissolves much more
rapidly than L2 It is reasonable to assume, there-
fore, that first L2reacts with Lx, then Lx reacts with
Lx. On this basis, one can calculate the proportions
of Lxand L2responsible for the final hydration prod-
ucts of Caxi04and CaXi06

As Fig. 7 shows, the specific surface area of the
final tobermorite (G) is 290 m.2g. for CaXSi0O4and
355 m.2g. for Ca®iOB. The specific surface area
of T(G)2is 387 m.2g., that of T(G)3is 240 m.2g.,
as was shown in Part I. Thus, the weight frac-
tions of T(G)2and T(G)3in the final tobermorite of
CaXiO4are 0.34 and 0.66, respectively, and for Ca3
SiOs, 0.78 and 0.22, respectively.

The CaO,/Si02 ratio in T(G)2 the two-layer
tobermorite (G), is 1.39, and in T(G)3 the three-
layer tobermorite, 1.72, as was shown in Part I.
From this it follows that the fractions of the T(G)2
and T(G)3 molecules in the final tobermorite of
CaXsi04 are 0.37 and 0.63, respectively, and for
Ca3XiOe, 0.80 and 0.20, respectively. The mole
fractions of Lx and L2which, on the basis of eq. 4,
lead to these mole fractions of T(G)2and T(G)3
are 0.68 and 0.32 for Caxsi04and 0.90 and 0.10 for
Ca3X®iOs, respectively.

It was shown earlier for the Ca3Si05 paste of
minimum surface that up to 5% hydration only Lx
sheets split off the gel coating. The final product,
at 100% hydration, contains 90% Lx and 10% L2
Thus, the proportion of L2to Lx increases as the
hydration progresses.

5. The maximum surface area for CaXSi05was
reached after 6 hr. of hydration at 25°, and for
CaX=i04 after 14 days at 5°. Both pastes were
about 16% hydrated. One extreme possibility is
that the split-off gel still consisted only of Lx sheets;
the other is that the proportion of L2to Lx already
had reached its final value. The calculated values
for these extremes are given in Table I. The
average values are 32 layers with a CaO/SiO2ratio
of about 2.9 for Ca3i06, and 67 layers with a CaO/
SiO2ratio of 1.44 for CaZi04

Thus, between 5 and 16% hydration, the gel
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coating on the Ca3XiOB grains increased only
slightly in thickness, from 25 to 32 layers, and the
Ca0/Si02 ratio of the coating decreased only
slightly, from 3.0 to 2.9. On the other hand, the
thickness of the coating on the Cazi04 grains in-
creased strongly, from 25 to 67 layers, and the
CaO/Si02ratio dropped considerably, from 1.9 to
1.44.

6. A reasonable explanation for the differences

between the behaviors of CaXSi04and Ca3i06 can
be given in terms of the compositions of the primary
hydration products.

As water reaches the surfaces of the anhydrous
grains, reaction takes place, and a gel coating is
formed on the surface. The mechanism of the
building up of the gel coating involves diffusion
processes through the gel, but the nature of these
processes is not known as yet. The diffusion may
occur through holes in the crystals, through cracks
in the gel coating, or, as Powers8proposes, through
pores in the gel. In the calculation of the thickness
of the gel coating it was assumed that the coating
was continuous; if cracks or pores constitute a siza-
ble fraction of the volume of the coating, the calcu-
lated thicknesses are too small.

The unstable primary products have a large ex-
cess of lime in their structures. This excess lime
tends to come out of the structure to form the
coarsely crystalline Ca(OH)2 found in all pastes.
The amount of excess lime may be considered a
measure of the escaping tendency of this lime, and
also a measure of the excess free energy—or the
degree of instability—of the unstable hydrates.
The gel coating of Ca3i06has a greater excess of lime
than that of CaZi04 which implies a greater dis-
ruptive power and a faster rate of the splitting-off
process.

While layers of tobermorite split off the coating,
new layers form by the diffusion processes de-
scribed before. For CaElCHB the rate of splitting-
off is almost as high as the rate of new layer forma-
tion, so the thickness of the gel coating increases
only slowly. However, the rate of splitting-off,
because of the much smaller amount excess of lime,
is much lower for Ca%iO4than for CaXi06 which
results in a considerable increase in the thickness of
the gel coating.

The gel coating may be visualized as consisting of
alternate layers of calcium hydroxide and calcium
silicate hydrate. The calcium hydroxide is not a
separate substance—it is not free calcium hy-
droxide, and it cannot be extracted readily by or-
ganic solvents. At an early stage of the hydration
reaction, the gel coatings are quite rich in excess
lime, so single layers of calcium silicate hydrate
alternate with layers of calcium hydroxide in the
coating. Because the CaZXi04coating is poorer in
excess lime than the Ca3i05coating, there may be
an occasional double layer of calcium silicate hy-
drate sandwiched between calcium hydroxide even
early in the hydration process. When the disrup-
tive tendency of the excess lime manifests itself by
the lime leaving the gel coating—probably by solu-
tion, possibly by splitting off—the sandwiched-in

(8) T. C. Powers, J. Portland Cement Assoc. Res. Develop. Lab., 3,

47 (1961).
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single or double layer tobermorite sheets also split
off the coating.

As the hydration progresses, the CaO/SiO2ratio
of the gel coating decreases. Between 5 and 15%
hydration, the decrease is slight for CaXi06; it
is much greater for CazSi04 This is because the
fast reaction of Ca3iOs with water can keep the
composition of the coating close to its initial high
value, whereas the slow reaction of Cazi04 with
water cannot. The decrease in CaO/SiO2ratio has
two effects: the excess lime decreases, resulting in a
decrease in the rate of splitting-off, and the pro-
portion of double layer tobermorite sheets sand-
wiched between calcium hydroxide increases.
Thus, the ratio of L2to Li increases as the hydration
progresses.

The model described explains the long known but
unexplained fact that tobermorite (G) in well hy-
drated Ca3i05 pastes has a higher specific surface
area than in CazXi04 pastes. The ultimate cause
is that the CaO/Si0O2ratio in CaXi06is 3, whereas
in CazsiC+4only 2, leading to the conditions already
described. The model also may explain the anom-
alous behavior of Ca%zsi04 at 50°, shown in Fig. 1
The hydration appears to stop after 100 days, even
though the Cazi04is only about 70% hydrated.
As Fig. 5 shows, the CaO/Si0O2ratio of the stable
tobermorite (G) obtained in the hydration of Car
Si04 increases with temperature. It is possible
that the unstable primary product also can ac-
commodate more lime in its structure at 50° than
at lower temperatures. This would mean that
there is less excess lime in the gel coating, resulting
in less disruption of the coating. Thus, the gel
coating may build up to such a thickness that the
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rate of diffusion through the gel becomes negligible
and the reaction stops.

7. There has been a good deal of controversy

among cement chemists about the mechanism of
the hydration of portland cements, some advocat-
ing a surface reaction mechanism, others a mech-
anism of solution and precipitation. There is no
reason why both mechanisms should not be opera-
tive in the hydration of calcium silicates and port-
land cements. When the anhydrous grains come
in contact with water, it is reasonable to expect
that immediate reaction should take place at the
interface. The aqueous phase surrounding the
calcium silicates and portland cements quickly be-
comes saturated with calcium and hydrosilicate
ionsg; it is reasonable to expect, therefore, that the
calcium silicate hydrate should precipitate on the
available surfaces. In the present paper both the
surface reaction and the solution mechanism have
been employed to account for different phases of the
hydration reactions.

No attempt has been made in this paper to ac-
count for all of the features of the curves presented
in the seven figures. The mechanism accounts for
a number of important features, and further work
is needed to account for the rest.

Acknowledgments.— The authors wish to express
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9)
Compositions of the Aqueous Phases in Contact with Portland Ce-
ment,"Proc. Fourth Intern. Sym. Chem. Cement, in press.
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MULTILAYERS OF ARGON AND NITROGEN ON HEXAGONAL BORON
NITRIDEL
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Multilayer adsorption isotherms of argon on boron nitride have been determined at 66.0, 68.9, and 75.9°K.
multilayer isotherms of nitrogen on boron nitride have been determined at 63.30 and 65.79°K.
have been obtained and are compared with the isosteric heats of adsorption of argon on graphite (P-33).

In addition,
Isosteric heats of adsorption
The interaction

energies of adsorption are determined for argon on P-33 and boron nitride by means of the Singleton-Halsey isotherm equa-

tion and are compared with the interaction energies calculated by dispersion energy summations.
served interaction energies for argon-boron nitride are in good agreement.
This discrepancy is discussed in terms of various interaction theories.

graphite is larger than that calculated.

Introduction

The physical adsorption of argon on graphite has
been of interest to investigators for many years.
This interest steins from the energetic homogeneity
of the graphite surface. Adsorption studies in the
submonolayer region have been made recently by
Ross and Pultz2 and by Lopez-Gonzalez, Carpen-
ter, and Deitz.3 The multilayer region has been
investigated experimentally and theoretically by
a number of authors.46 The most complete ex-
perimental study of multilayers of argon on graph-
ite was that of Prenzlow and Halsey.6 They de-
termined the isotherms of argon on a highly
graphitized carbon black designated P-33 and on
xenon layers which had been preadsorbed on the
P-33 surface. Isosteric heats and entropies of
adsorption were calculated for their systems.

The hexagonal modification of boron nitride and
the graphite form of carbon are structurally very
similar and are isoelectronic; therefore, it seemed
worthwhile to investigate the formation of multi-
layers of argon on boron nitride. Dispersion energy
calculations? indicate that the two adsorbents are
virtually identical in respect to the adsorption of
argon except for about 200 cal./mole in the inter-
action energy of adsorption. Both adsorbents
should be equally compatible for the growth of
argon layers and therefore differences in the iso-
therms and in the isosteric heats should be a
consequence of only the difference in the interaction
energy of an argon atom with each adsorbent.

Experimental

Vacuum System.—A three-stage mercury diffusion pump
with a liquid nitrogen trap capable of attaining pressures
of 10~6mm. was used. An ion gage was used to determine
the limiting pressure.

Pressure Measurements.—A conventional constant vol-
ume adsorption system was used. Adsorption pressures
were measured with a manometer constructed from 20 mm.
Pyrex tubing and read with a cathetometer graduated to
0.01 mm. An electrical contact was used to produce
the zero-setting of the manometer.

The pressure of the gas dose and the vapor pressures of

(1) This work was supported by a grant from the Petroleum Re-
search Fund of the American Chemical Society.

(2) S. Ross and W. W. Pultz, J. Colloid Sci., 13, 397 (1958).

(3) J. de D. Lopez-Gonzalez, F. G. Carpenter, and V. R. Deitz,
J. Phys. Chem., 65, 112 (1961).

(4) (a) R. A. Beebe and D. M. Young, ibid., 58, 93 (1954) ; (b) E. L.
Pace, J. Chem. Phys., 27, 134 (1957).

(5) J. H. Singleton and G. D. Halsey, Jr., J. Phys. Chem., 58, 330
(1954).

(6) C. F. Prenzlow and G. D. Halsey, Jr., ibid., 61, 1158 (1957).

(7) R. A. Pierotti and J. C. Petricciani, ibid., 64, 1596 (1960).

The calculated and ob-
The observed interaction energy of argon with

argon and nitrogen were measured with standard U-tube
manometers constructed of 18 mm. Pyrex tubing and
read with a cathetometer.

All pressures were corrected for altitude and for the
temperature of the mercury.

The Adsorption Cell.—The absorption cell was similar in
design to that of Singleton and Halsey.5 The adsorption
cell, with a compartment for pure adsorbate, was suspended
by its leads in a vacuum jacket in which a low pressure of
helium could be maintained. This jacket was a thermal
lag preventing the cell from responding to sudden changes in
temperature of the refrigerant.

The Cryostat.—The cryostat was of the usual design.8
The temperature was maintained by either an argon or
nitrogen vapor pressure thermometer which actuated a
relay-controlled valve. When this valve was open a me-
chanical oil pump pumped on the liquid nitrogen refrigerant
causing the bath to cool.

Temperatures were measured with either an argon vapor
pressure thermometer using the data of Clark, Din, and
Robb9or with a nitrogen vapor pressure thermometer using
the data of Armstrong.10 Temperatures could be maintained
to £0.05°K. from 63.3°K. (the triple point of nitrogen) to
77°K. (a little below the boiling point of liquid nitrogen).

As a precaution to avoid errors caused by possible tem-
perature fluctuations, measurements of pa were made simul-
taneously with measurements of p.

Dosage Measurement.— A thermostated gas buret was
used in conjunction with the U-tube manometer mentioned
above under the sub-heading “pressure measurements.”

Outgassing Procedure.—The boron nitride sample was
outgassed for five days at 200°, and then for 48 hr. at 450°.
No measurable build-up of pressure was observed at the
higher temperature when the cell with sample was isolated
from the pumping system. The sample was heated to
400° for at least 4 hr. and evacuated to 10-6 mm. before
each isotherm was determined.

Special Materials and Chemicals.—One-millimeter thin-
walled capillary tubing was used in the adsorption portion
of the system in order to keep the dead space at room
temperature to a minimum. A small trap was placed be-
tween the cell and all stopcocks and mercury containers.
This trap was kept at Dry Ice-acetone temperatures at all
times.

Assayed-reagent, spectroscopically pure gases obtained
from Air Reduction Sales, Inc., in Pyrex flasks were used
without further purification.

Boron nitride powder, 325 mesh, was obtained from the
Research and Development Division of the Carborundum
Company. The sample was analyzed spectrographically
and found to be greater than 99.92% pure. X-Ray dif-
fraction of the sample showed it to be highly crystalline,
having a pseudo-hexagonal crystal structure with crystal
parameters a and ¢ equal to 2.50 and 6.66 A., respectively.
This corresponds to a nearest neighbor distance of 1.44 A.

and an interlaminar spacing of 3.33 A. Giardini reported
these same values.ll

(8) W. J. C. Orr, Proc. Roy. Soc. (London), A173, 349 (1939).
(9) A. M. Clark, F. Din, and J. Robb, Physica, 17, 876 (1951)
(10) G. T. Armstrong, J. Res. Natl. Bur. Std., 53, 263 (1954).
(11) A. A. Giardini, U. S. Bur. Mines Circ. 7664, 1953.
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Fig. 1.—Isotherms of argon on boron nitride.

Results

Argon-Boron Nitride System.—-The isotherms
for argon adsorbed on boron nitride are shown in
Fig. 1. The coordinate, d, is the fraction of the
surface covered and is equal to V/Vm, where V is
the volume adsorbed and Vm is the volume of a
monolayer. Em was determined from a BET plot
(argon on BN gives alinear BET plot, whereas argon
on graphite does not) and was equal to 5.30 ml.
(STP)/g. Thiscorrespondsto an areaof 19.6 m.2g.
Emestimated from point B would have been some-
what lower than that given above. Ross and Pultz2
obtained Emequal to 5.06 ml./g. for argon on their
sample of BN presumably obtained from point B.
This is in good agreement with the Em of this
sample.

The isosteric heats of adsorption of argon on BN
as a function of coverage are shown in Fig. 2.
They were calculated using

/1O In (p/poN
\o (1/RT) /
The plots of In (p/p0 vs. I/RT at constant 6 for

(1

the three temperatures reported yielded good
straight lines. It should be noted that the reference
state chosen was bulk solid argon at the tempera-
tures of the isotherms; therefore, the energy zero
in Fig. 2 is equal to the heat of sublimation of
argon.

Nitrogen-Boron Nitride System.—The isotherms
for nitrogen adsorbed on boron nitride are shown

in Fig. 3. Emobtained from a BET plot is 5.41
ml./g. at 65.8°K., corresponding to an area of
22.6 m.2g. Point B again would yield a lower

Em The Emfor nitrogen determined by Ross and
Pultz is smaller than that reported here, but their
isotherm was determined at a temperature 12°
higher than that used here.

The isosteric heats for this system are shown in
Fig. 4. These heats were calculated in the same
manner as for argon. Again it should be noted that
the reference state is the bulk adsorbate, in this
case liquid nitrogen; therefore, the energy zero in
Fig. 4 is the heat of vaporization of nitrogen.

Interaction Energies.—Singleton and Halsey2

(12)
(1954).

J. H. Singleton and G. D. Hilsey, Jr., Can. J. Chem.,, 33, 184
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Fig. 2.—Isosteric heats of adsorption for argon on boron
nitride.

have modified the Hill isotherm equation to read

W --Jb +¢é (1- © @

applicable to adsorption of a crystalline adsorbate
on an homogeneous surface. In this equation p
is the equihbrium pressure of the adsorbate over
the solid, pnis the vapor pressure of pure adsorbate
at the temperature of the isothcrm(T), n is the
number of adsorbed layers, k is the Boltzmann
constant, Ei is the interaction energy in the first
layer exclusive of the short range forces, w is the
lateral interaction energy, and g is a compati-
bility factor. This isotherm equation has been
found to vyield reliable interaction energies for
physically adsorbed atoms on many surfaces.18

Ei/kT was calculated from equation 2 using the
values of p/po evaluated at 9 equal to 1.5 and 2.5.
Elis the difference between the interaction energy
of the adsorbate-adsorbent (Eini) and the self-
interaction energy of the adsorbate.2 The self-
interaction energy is equal to one-half the heat of
sublimation of argon. Table 1 contains the
results of these calculations for both argon and
nitrogen on P-33 and on BN. The calculated
interaction energy of argon with P-33 is in excellent
agreement with that obtained from the high-
temperature, low coverage measurements of Sams,
Constabaris, and Halsey¥4 (2200 cal./mole), con-
sidering the diverse approaches used.

Discussion

The isotherms of argon on BN are similar in
shape to those of argon on P-336with the clear-cut

(13) R. A. Pierotti and G. D. Halsey, Jr., J. Phys. Chem., 63, 680
(1959).

(14) J. R. Sams, Jr., G. Constabaris, and G. D. Halsey, Jr., ibid.,
64, 1689 (1960).
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occurrence of steps and with the isotherms crossing
one another at near integral and half-integral 9. The
steps occur at slightly higher values of p/p0 indi-
cating a slightly smaller interaction energy. The
steps are not as sharp nor are the risers as long as
for the argon-graphite system. Although the BN
sample is probably more heterogeneous than the
sample of P-33 used by Prenzlow and Halsey,6
it is believed that the major cause of the difference
in the sharpness and length of the risers resides in
the relative populations of the 1st, 2nd, and 3rd
layers, an effect which is of some importance even
in the argon-graphite system.4q The lower inter-
action energy of argon-BN favors an increased
population in the higher layers at a given 9. This
same effect should be noted in the heat curves.

Prenzlow and Halsey report a “pseudo” critical
temperature of 68°K. for argon on graphite in the
second layer; the same critical phenomenon and
temperature is observed on BN. The isotherms
reported here, together with the multilayer data of
Prenzlow and Halsey and the submonolayer data
of Ross and Pultz,2 permit a model-independent
verification of the inverse cube law in physical
adsorption, 6 thereby giving added significance to
the cube law assumption used in the derivation of
equation 2.

The isosteric heat curve for argon-BN is of the
same general shape as that for argon-P-33 having
maxima in the vicinity of integral 9. The P-33
curves have higher and sharper maxima and lower
and sharper minima. The higher maxima are in
accord with the greater interaction energy for
argon-graphite. The broadening of the curve, the
less sharp peaks, and the lower minima can be
accounted for by the greater population of higher
layers on BN. For each system, as 9 increases the
isosteric heat approaches the heat of sublimation of
argon, indicating that the adsorbed phase is “solid-
like” in the measured temperature range. Note
that the heats of adsorption on BN for all layers
other than the first are nearly equal to the heat of
sublimation of argon, partially accounting for this
system yielding a linear BET plot.

The nitrogen isotherms are similar in shape to
those of argon on P-336having pronounced humps
in the vicinity of integral 9. The isosteric heat
curve has the characteristic maxima and minima of
the heat curves for argon. It is clear from Fig. 4
that if superheated solid nitrogen were used as the
reference state, the isotherms would have crossed
one another at about 9 equal to 1, 1.5, and 2, there-
after diverging from one another. There is,
therefore, no particular significance to be assigned
to crossover points as has been implied3other than
that the isosteric heat of adsorption is equal to the
heat of condensation in the reference state. The
adsorbed nitrogen phase probably behaves as a
compressed liquid being held more firmly in the
direction normal to the surface than it is in the
reference state. During the filling of the third
layer, the adsorbent is less influential and the heats
decrease, approaching the heat of vaporization of
bulk liquid nitrogen.

Dispersion energy calculations for argon on

[15) R. A. Pierotti, 3. Chem. Phys., 36, to be published.
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Fig. 3.—Isotherms of nitrogen on boron nitride.

graphite® and for argon on boron nitride7 have
been carried out by summing a Lennard-Jones
(6- 12) potential over all pairwise interactions of an
argon atom with the atoms of the adsorbent.
These energies appear in Table | along with the
experimental values. Good agreement is obtained
between the calculated and observed interaction
energy for the argon-BN system. This agreement
was to be expected because boron nitride meets
the requirements of the Lennard-Jones summation
quite well, being a covalent, non-polar, non-con-
ducting solid. Graphite, of course, does not meet
these requirements and disagreement between the
calculated and observed interaction energies has
been the subject of much discussion.I7 Attempts
have been made to account for this discrepancy by
changing the method of obtaining the attractive
and repulsive constants used in the Lennard-Jones
potential,B by assuming that the interaction of

(16) A. D. Crowell and D. M. Young, Trans. Faraday Soc., 49, 1080
(1953).

(17) J. H. de Boer, “Advances in Catalysis,” Vol. VIII, Academic
Press, New York, N. Y., 1956, p. 17.

(18) A. D. Crowell and R. B. Steele, J. Chem. Phys., 34, 1347
(1961).

argon with the conduction electrons of graphite
accounts for the entire interaction energy,I7 or by
assuming that the interaction does not have its

Table |

Comparison of the Calculated and Predicted Inter-

action Energies

Expt. &
Caled.® Caled.® Expt. Caled. Pint,

Sys- o re re Pint, cal./ Expt.
tem (A) (A) (A) cal./mole  mole e
Ar-C 4.05¢c 3.55c¢ (3.58)' 1750 2150 0.997
Ar-BN 4.04“ 3.54* (3.58) 1960« 1950 0.997
Nr-C 2070 1.02
NuaBN 1800 1.02

«ro is the repulsive constant and re is the equilibrium
distance of the first layer from the surface. 6 Obtained by
using equation 2. e Crowell and Young.6 dPierotti and
Petricciani.7 *Pierottil6 (the values are assumed equal).

origin in dispersion forces at all but rather in some
force such as the Mullikin charge transfer force.19
The present work clearly displays the inadequacy
of any of these positions and indicates that more
than one effect is operable.

(19) D. G. Tuck, ibid., 29, 724 (1958).
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Fig. 4.— Isosteric heats of adsorption for nitrogen on boron
nitride. The horizontal dashed line represents the heat of
sublimation of nitrogen. The vertical dashed line is pre-
sumably how the heats would vary near 6 equal one. The
submonolayer data of Ross and Pultz fall in the region of
900 cal./mole.

The Lennard-Jones potential, when summed in
the manner described in ref. 7, does yield good
agreement with experiment for the interaction
energy for argon with BN. The atomic cores in
graphite must certainly behave in a manner similar
to boron nitride insofar as the dispersion inter-
action with argon is concerned. This is evidenced
by the calculation of Crowell and Youngl6 there-
fore, the energy in excess of that calculated appears
to be the result of the x-electron system of graphite.
Since the observed interaction energies in Table |
were obtained at large distance from the surface
(from the 2nd and 3rd layers), it is impossible to
attribute the excess energy to charge transfer
forces as suggested by Tuck1 and Gundry and
Tompkins.D The inverse-cube decay law for the
argon on these solids has been verified5indicating
that the interactions are the result of dispersion
forces. It appears, therefore, that the interaction
energy of argon with graphite is made up of two
parts: (1) the dispersion interaction energy of
argon with the carbon cores and (2) the dispersion
interaction energy of argon with the -r-electrons.

The interaction with the x-electrons is certainly
related to the theories of Bardeen2land of Margenau
and Pollard,2 except that their theories are based
upon the conduction electrons in metals being free
electrons. It is interesting to equate the energy in
excess of that calculated by Crowell and Young to
the expression for the interaction energy derived
by Margenau and Pollard

(20) P. M. Gundry and F. C. Tompkins, Trans. Faraday Soc., 5,
846 (1960).

(21) J. Bardeen, Phys. Rev., 58, 727 (1940).

(22) H. Margenau and W. G. Pollard, ibid., 60, 128 (1941).
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E ehx /235 _ nh_\

” 16 \rs 7mv) N Rz @)
In this expression e and m are the charge and mass
of an electron, a and v are the polarizability and
resonant frequency of the gas atom, n is the number
of conduction electrons per cc. of solid, rs is the
radius of a sphere containing one conduction
electron, and R is the distance of the gas atom from
the solid. Solving this equation with Eexceas
equal to 400 cal./mole and R equal to 3.58 A., one
obtains raequal to 4.6 A. and n equal to 4.3 X 102
electrons/cc. This corresponds to only about 4%
of the x-eleetrons in graphite being conduction
electrons. Qualitatively, this is in accord with the
small conductivity of graphite at low temperatures
and with the high diamagnetic susceptibility of
graphite. It is interesting to note that since the
number of conduction electrons in graphite should
increase with temperature,2 the adsorption inter-
action energy also should be temperature depend-
ent. It is not known to the author whether this
has been observed.

Conclusion

Boron nitride and graphite behave similarly in-
sofar as the formation of multilayers of argon and
nitrogen is concerned. The slight differences in
the isotherms and in the isosteric heat curves
appear to be explainable on the basis of a small
difference in the interaction energy. A statistical
model similar to that used by Pacedor one based
upon the order-disorder approach of Hijmans and
de Boer2 should be capable of predicting the ob-
served differences. This is being undertaken at
present.

The interaction of argon with graphite seems to
be made up of two parts (both with their origin in
dispersion forces) : the interaction with the carbon
cores and the interaction with the x-electrons.
Charge transfer forces are not appropriate here.
Attempts to explain the argon-graphite interaction
solely on the basis of a Lennard-Jones potential
betw'een atoms or solely on the basis of metallic-
like interactions are unfounded.

DISCUSSION

E. V. Battou (Gulf Research & Development Co.).—m

You have shown curves of isosteric heat values at low surface
coverages. Have you found it experimentally feasible to
obtain valid data for isosteric heat values at coverages
much below monolayer coverage?

R. A. Pierotti—The isosteric heats at low surface cover-
age were determined by Ross and Pultz and are in accord
with what might be expected. The experimental arrange-
ment used in the work reported here could not be used to
determine the low coverage portion of the isotherms pre-
cisely enough to warrant making calculations of the isosteric
heat.

Herman E. Ries, Jr. (American Oil Company).—I
believe you did not show adsorption-desorption isotherms.
Did you obtain such curves—and if so was hysteresis ob-
served? | am particularly interested in the stepwise ad-
sorption effects as related to hysteresis.

(23) K. S. Pitzer, “Quantum Chemistry,” Prentice-Hall, Inc., New
York, N. Y., 1953, ch. 10.

(24) J. Hijmans and J. de Boer, Physica, 21, 471 (1955); S. Bumble
and J. M. Honig, J. Chem. Phys., 33, 424 (1960).
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R. A. Piebotti—The isotherms were a composite of ad-
sorption and desorption points. Hysteresis was not ob-
served anywhere along the isotherms.

W._H. W ade (University of Texas).—Why were the ad-
sorption temperatures so close together?

R. A. Piebotti—While the design of the cryostat would
have permitted studies at temperatures up to the boiling
point of liquid oxygen, the temperature range of greatest
interest was where the steps are steepest and this is where the
measurements were made.

W._D. Schaeffer (Lehigh University).—-The argon ad-
sorption isotherm and heats of adsorption on graphitized
P-33 depend markedly on the thermal history of the sample
and the extent of surface homogeneity. Before under-
taking extensive calculations and comparisons of interaction
energies, would it not be advisable to determine the influence
of the thermal history on the argon adsorption? Increased

PHYSICAL ADSORPTION ON LOW ENERGY SOLIDS. |I.

Physical Adsorption on Low Energy Solids
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homogeneity of the BN surface can be expected to have a
significant influence on the relative population of the suc-
cessively adsorbed layers.

R. A. Piebotti—The thermal history and surface homo-
geneity are important considerations. The method of
preparation of BN guarantees the uniform high tempera-
ture treatment associated with the graphitization of carbon
blacks. Moreover, the stepwise argon adsorption isotherms
and the shape of the heat curves are excellent indications of
a high degree of homogeneity. In light of this and the
method used to calculate the interaction energies, the com-
parison of the interaction energies seems well justified. A
detailed comparison of the heats as a function of coverage is
unwarranted unless further studies concerning surface
homogeneity are made; however, a comparison of the
general features of the heat curves certainly is justified
and significant.

ADSORPTION

OF CARBON TETRAFLUORIDE, ARGON, AND NITROGEN ON
POLYTETRAFLUOROETHYLENE

By Donald Graham

Contribution No. 327, Jackson Laboratory, Organic Chemicals Department, E. I. du Pont de Nemours and Company,
Wilmington, Delaware

Received February 28, 1962

Carbon tetrafluoride, argon, and nitrogen, at temperatures near their respective boiling points, are adsorbed on polytetra-
fluoroethylene with isosteric heats of adsorption only slightly greater than the corresponding latent heats of condensation.

In all cases, the adsorbates are mobile, nitrogen retaining some “super mobility.”

Film pressures at a coverage representing

one statistical monolayer are 9.5 to 10 ergs/sq. cm. Additional monolayers are adsorbed with abnormally low isosteric

heats indicating multilayer films of low density.

Introduction

Polytetrafluoroethylene comprises an assembly
of fluorinated carbon chains, bound to each other
by relatively weak forces of essentially van der
Waals type. The lattice energy of the intermo-
lecular bonding has been estimated to be 2.0 kcal.
per mole of recurrent -CF2CF2units.1 Its total
surface energy2has been estimated to lie between 56
and 69 ergs/cm.2 and its critical surface tension,3
approximately 18 dynes/cm. Its importance as
an adsorbent is based not only on its small cohesive
energy but also on its possible relation to recent
developments in studies of highly fluorinated
surfactants. The choice of carbon tetrafluoride
as the first adsorbate studied was based on its
chemical similarity to the adsorbent, its symmetry,
and its boiling point. Argon and nitrogen were
included as simple variants.

Experimental

Materials.—The polytetrafluoroethylene used as the
adsorbent in this investigation was a powdered product
available commercially as “ Teflon” 6. The surface area of
the sample, as determined by application of the BET
equation to the nitrogen isotherm, was 11.67 m.2/g. The
sample was subjected to repeated adsorption and desorption
of nitrogen before reproducible data were obtained.

Carbon tetrafluoride was obtained as a still fraction with
the following analysis

(1) W. Brandt, J. Chem. Phys., 26, 262 (1957).

(2) R. J. Good, L. A. Girifalco, and G. Ivraus, J. Phys. Chem., 62,
1418 (1958).

(3) H. W. Fox and W. A. Zisman, J. Colloid Set., 6, 514 (1950).

CF4 99.7% (mass spectrometer)

CF3C1 <0.02% (infrared)

CF2C12 <0.02% (infrared)

Air 0.13% (vapor phase chromatography) (re-

mainder believed to be
monoxide)

largely carbon

The sample was redistilled several times to minimize non-
condensable gases and, as used, melted at 89.5°K. at avapor
pressure of 0.819 mm.

Argon was obtained from the Matheson Company with a
minimum purity specification of 99.998% argon.

The nitrogen used as adsorbate and in the gas ther-
mometer was the Linde “high purity” grade, 99.995% Na
minimum.

The oxygen used in the gas thermometer was the Linde
spectroscopic grade.

The ethylene used in the gas thermometer was the Mathe-
son research grade, minimum purity 99.9 mole % (remainder
propane).

Equipment.—The adsorption measurements were carried
out using equipment and methods previously described.4
Liquid nitrogen and liquid oxygen baths were used for cool-
ing the adsorbent sample to the temperatures desired for
adsorption of argon and of nitrogen. A simple cryostat
was employed for the adsorption of carbon tetrafluoride,
which required temperatures of 145-155°K. This consisted
of a stirred bath cooled by liquid nitrogen drawn through a
copper coil immersed in the bath. The flow of liquid nitro-
gen was controlled by an ethylene gas thermometer with its
bulb close to the sample. This thermometer actuated a
“Thermocap” relay which in turn caused a Fisher Electro
Hosecock to close a vacuum bleed in the suction line,
drawing liquid nitrogen through the cooling coil when
required. The bath liquid was MaUinckrodt petroleum
ether (ligroin), boiling range 30-60°, Cat. No. 4980.
There was some variation in the freezing point of this
petroleum ether, and it was necessary to select material

(4) D. Graham, J. Phys. Chem., 61, 1310 (1957).
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VOLUME OF CARBON TETRAFLUORIDE ADSORBED (ml/g AT S.T.R),

® 1—Adsorption of carbon tetrafluoride on polytetra-
fluoroethylene at 145.3 and 154.4°K.

VOLUME OF ARGON ADSORBED (ml/g AT S.T.P.).

Fig. 2.—Adsorption of argon on polytctrafluoroethylene at
77.8 and 90.5°K.

freezing below 145°K. The bath volume was approximately
2 1 With this equipment, the maximum temperature
fluctuation was approximately + 0.002°.

Donald Geaham

Vol. 66

Fig. 3.—Adsorption of nitrogen on polytetrafluoroethylene at
77.7 and 90.6°K.

Results and Discussion

Adsorption Data—To provide a basis for the
calculation of isosteric heats of adsorption and
related values, adsorption isotherms were obtained
with each adsorbate at two temperatures. The
temperatures selected were near the normal boiling
points of the respective adsorptive materials
and separated by about 10°. Since the calculations
are based on constant adsorbate volume rather
than constant coverage, it was convenient to use
values of a (cross-sectional area of an adsorptive
molecule) and, in turn, of 9 (fractional coverage of
the adsorbent surface) representing an average
temperature. The physical constants of these
systems are given in Table I.

T abue |

Physical Constants of Adsorption Systems

Adsorbate CF, Ar n2
Latent heat of vaporization
at Tav, cal./mole 2550 1580 1270
Ti, °K. 145.3 77.8 7.7
T, 154.4 90.5 90.6
Tav 149.8 84.2 84.2
Vapor pressures of adsorptive
materials at the adsorp-
tion temp., mm.
(M) (at 77) 764.5 217.8 792
Po(2) (at T,) 1395 1053 2812
Adsorbent surface area,
m.2/g. 11.67 11.67 11.67
Cross-sectional area per mole-
cule, A.2 (at Tav) 22.2 14.1 16.6
Capacity of monolayer (Fm)
inml. at STP/g. adsorbent 1.95 3.07 2.61
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Tabte Il

Comparison of Observed Entropy Changes with Those of ldealized M odels Representing Site Adsorption and

M obile Adsorption

i Std. diff. molar entropy of adsorption i
Site adsorption Mobile adsorption

e kcal ?r:' ole kcail.?r':{o le —AS EXpS r,lAr*nsSint ThgoSLyr Exrze gglﬁ?t gSI-:—rh?O"gS%r
Carbon tetrafluoride

0.20 2.95 0.71 15.0 17.7 35.9 11.6 11.7
.50 2.90 42 16.5 16.5 35.9 11.3 11.7
.70 2.83 .32 16.7 15.1 35.9 10.1 11.7
.85 2.70 .26 16.3 12.9 35.9 10.1 11.7

Argon

0.20 1.70 0.50 14.3 17.1 30.8 11.1 10.0
.50 1.68 .32 16.2 16.2 30.8 10.0 10.0
.70 1.63 .25 16.4 14.7 30.8 10.8 10.0
.85 1.56 20 16.2 12.7 30.8 10.0 10.0

Nitrogen

0.20 1.50 0.68 8.6 11.4 29.7 5.7 10.0
.50 1.41 .48 10.3 10.3 29.7 5.6 10.0
.70 1.40 .39 11.0 9.3 29.7 5.5 10.0
.85 1.37 .34 11.3 8.1 29.7 5.9 10.0
The adsorption isotherms for carbon tetra- 3500 -

fluoride, argon, and nitrogen are shown in Fig. 1,

2, and 3, respectively.
Film Pressures.—Film pressures (or changes in 3000 CARBON TETRAFLUORIDE

surface free energy with adsorption) were calculated

at a coverage representing one statistical mono- HI (CF4)

layer, by graphical integration of the Gibbs equa- 2500

tion (using data from the experimental isotherms)

as has been described.6 In each case, the result

was between 9.5 and 10.0 ergs/cm.2 any differences 2000

being within the probable limits of the experimen-

tal precision. This agreement among the three ARGON

systems is consistent with their corresponding states

(at temperatures close to their respective normal S 1500

boiling points and at the same surface coverage).

The low values are an indication of weak adsorption

bonding. « 1000-
Isosteric Heats of Adsorption.— Isosteric heats of

adsorption, calculated by application of the

Clausius-Clapeyron equation to the adsorption g 500-

data, are shown in Fig. 4, together with the cor-
responding values of the latent heats of condensa-
tion of the adsorptive materials. Each of these
systems shows three important characteristics.
First, the major part of the first statistical mono-
layer is adsorbed with an isosteric heat only slightly
greater than the corresponding latent heat of
condensation (small net isosteric heat). Second,
the heat begins to fall off (indicating appreciable
deposition of the second or higher monolayers)
considerably short of completion of the first statis-
tical monolayer. Finally, with build-up of the
second and subsequent layers, the heat drops below
the latent heat of condensation, indicating an
adsorbed multilayer film of unusually low density.

Adsorbate Mobility.—The relative weakness of
the adsorption, as indicated by the low film pres-
sure and small net isosteric heats, is a strong
indication of adsorbate mobility. A more un-
ambiguous characterization is obtained from con-

02 04 06 08 10 2
FRACTIONAL COVERAGE, €

Fig. 4.—-Isosteric heats of absorption of carbon tetrafluoride,
argon, and nitrogen on polytetrafluoroethylene.

sideration of the entropy change accompanying the
adsorption process, an approach employed in
different ways by different investigators.6-9

Using the methods and notation of ref. 8, the
standard differential molar entropy changes cal-
culated from the experimental isotherms were
compared with those from theoretical entropically
ideal processes representing adsorption on sites and
adsorption as a mobile two-dimensional gas.

(6) D. H. Everett, Trans. Faraday Soc., 46, 453 (1950); 46, 942
(1950); 46, 957 (1950).

(7) C. Kemball, “Advances in Catalysis,” Vol. I,

Press, Inc., New York, N. Y., 1950, p. 223.
(8) J. H. de Boer and S. Kruyer, Proc. Koninkl. Ned. Akad. Weten-

Academic

(5) W. D. Harkins, “The Physical Chemistry of Surface Films,” schap., B65, 451 (1952).

Reinhold Publ. Corp., New York, N. Y., 1952, p. 211.

(9) J. W. Ross and R. J. Good, J. Phys. Chem., 60, 1167 (1956).
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The results from all three systems, brought to-
gether in Table |1, strongly support earlier indica-
tions of adsorbate mobility. —ASQ (a combina-
tion of the experimental entropy of adsorption with
a configurational term) is in every case much smaller
than eSAT (the translational entropy of the adsorp-
tive gas). The observed loss of entropy is thus
much less than that which would occur in localized
adsorption on fixed sites.

The picture with regard to mobile adsorption is
different. The test is a comparison of —A<Sm (a
combination of the experimental entropy of ad-
sorption with a measure of the area over which a
mobile adsorbed molecule can move at a specified
coverage) with gStr — aStr (the difference between
the translational entropy of the adsorptive gas and
that of the adsorbate as an ideal, mobile, two-
dimensional gas, or the entropy change resulting
from loss of one degree of translational freedom).
For both carbon tetrafluoride and argon, the experi-
mental results agree very closely with the model
for adsorption as a mobile, two-dimensional gas.

In the adsorption of nitrogen, the decrease in
entropy was even less than that associated with the
loss of one degree of translational freedom, indi-
cating some “super mobility” in the adsorbed film.
This may involve retention of part of the transla-
tional entropy as a vibration normal to the adsorb-
ent surface.

The difference between the adsorbed films of
argon and nitrogen is qualitatively evident from
the isotherms and heat curves in that the heat of
adsorption of argon is the greater while the reverse
is true of the free energies. The greater heat of

Donald Graham
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adsorption of argon is closely associated with its
greater latent heat of condensation. The greater
free energy of adsorption of nitrogen (evident from
the lower relative pressure required for a specified
coverage and temperature) also is observed in the
adsorption of these gases on other solids but is not
simply explained.

Conclusions.—Carbon tetrafluoride, argon, and
nitrogen, at temperatures near their respective
boiling points, were all weakly adsorbed on poly-
tetrafluoroethylene as mobile, two-dimensional
gases, nitrogen retaining some “super mobility.”
The densities of the multilayer adsorbed films are
low.

DISCUSSION

R. J. Good (General Dynamics).—-Have you applied the
Polyanyi potential theory to this system? Also, the Fren-
kel-Halsey-Hill theory (in (p/Po) = —a/03) seems ap-
propriate to treat molecules at distances from the surface
corresponding to second or third layers.

D. Graham.—-No attempt was made in this investiga-

tion to express the isotherms in equation form. However,
the low density of the adsorbate films would lead me to
expect that some form of a potential theory would represent
the data better than any expression assuming a more fully
populated first monolayer.

W. H. W ade (University of Texas).—Why do the heats
fall with coverage? Lateral interactions would predict the
opposite.

D. Graham.—The low coverage part of the heat curves
(not shown in the figure and not pertinent to the objectives
of this study) drops sharply due to adsorbent heterogeneity.
The continuing fall as coverage approaches completion of the
first statistical monolayer results from the considerable con-
tribution to higher monolayers before actual completion of
the first. This is characteristic of weak adsorption.
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WATER ON rc-TYPE

GERMANIUM POWDERS

By G. Srinivasan, J. J. Chessick, and A. C. Zettlemoyer

Surface Chemistry Laboratory, Lehigh University, Bethlehem, Pennsylvania
Received March IS, 1962

Water adsorption measurements were carried out at 25° for three //-typo germanium powders previously exposed to the

atmosphere.

mined.

These, as well as argon adsorption measurements for surface areas, were conducted on samples evacuated
and temperature activated at 25, 100, 200, 300, 400, and 500°.
The results revealed that the extent and energetics of chemisorbed water decreased with decreasing resistivity. In

The amount of water irreversibly adsorbed also was deter-

addition, the stability of the thin oxide film formed on the germanium powders during grinding of the single crystals to prepare

the powders and during storage decreased in the same order.
groups.

Introduction

Recently it was shown that the adsorption
characteristics for propanol of the oxide surfaces
of a series of four n-type germanium powders
varied in an orderly manner with the resistivity.1
The mechanism proposed to explain the results
depends upon the trapping of electrons by the
germanium ions in the oxide film. Thus, the
donor electrons from the propanol oxygen are not
as energetically attracted to surface hydroxyls on
the oxide film, the lower is the resistivity.

The present work on water adsorption was
initiated to compare its adsorption behavior on
three of the same germanium samples. It was
recognized that adsorbed water was present at
least at the lower activation temperatures em-
ployed in the propanol work. In addition, water
adsorption is known often to affect device per-
formance adversely and “getters” are inserted into
capsules to remove traces of water vapor. The
water adsorption results are explained on the basis
of a mechanism similar to that used to explain the
propanol results. This work is being extended to a
series of p-type samples and to a study of oxide-
free germanium surfaces under ultra high vacuum.

Experimental

Single crystals of n-type germanium with resistivities of
5-10 and 0.14 ohm-cm. supplied by the General Electric
Co. were ground to powder in an agate mortar under atmos-
pheric conditions. The preparation and storage time of
these samples was one day compared to the 15 days used in
the previous propanol studies.l A 4 ohm-cm., re-type sam-
ple was prepared by reducing Eagle-Pitcher GeCh with dry
hydrogen at 650°; this powdered sample was stored for
about 6 months before use. Areas were determined by
argon adsorption at —195° after the pre-treatments de-
scribed below.

Water isotherms were followed at 25° using a modified
Orr apparatus described previously.2 Blank experiments
showed the adsorption of the water vapor by the glass walls
of the system and the manometer oil to be negligible.
Isotherms were determined on 1 m.2of a given sample after
various pre-treatments consisting of evacuation at 25, 100,
200, 300, 400, and 500° for 14 hr. to an ultimate pressure of
ca. 10~6mm. A liquid nitrogen trap was positioned between
the sample and the pumps throughout the activation
period. The first water isotherm after a given activation
measured total adsorption. The second isotherm, a meas-
ure of physically adsorbed water, was determined after
evacuation at 25° for an additional 14 hr. The B.E.T.
equation was applied to calculate the Vmvalues for total
and physical adsorption. The difference between the two

(1) A. C. Zettlemoyer, C. H. Hassis, J. J. Chessick, and G. Sriniva-
san, Advan, Chem. S er 33, 229 (1962).

(2) A. C. Zettlemoyer and J. J. Chessick, J. Phys. Chem., 58, 242
(1954).

Evidently, water adsorbs donor-fashion on surface hydroxyl

Therefore, samples of low resistivity and high electron concentration chemisorb Lttle or no water.

Fmis gave the chemisorbed quantity. All these V,, values
of water adsorption were converted into corresponding area
values using a multiplication factor of 2.87, assuming a
liquid-like, two-dimensional film of adsorbed water mole-
cules.

Results

Water Adsorption on Activated Samples of Differ-
ent Resistivities.— The ratios of total, physically ad-
sorbed, and chemically adsorbed water in the mono-
layer, calculated from isotherm data in the manner
described above, to argon areas were plotted as a
function of activation temperature. These results
for 0.14,5-10, and 4 ohm-cm. resistivity samples are
illustrated in Fig. 1, 2, and 3, respectively. This
manner of representing the results was adopted to
account for changes in external area with tempera-
ture. The surface area changes, however, were
generally small except az 400 and 500°, where 10 to
20% increase was found. It had previously been
pointed outl that the different germanium speci-
mens, crushed and stored for some time before use,
were covered with a thin oxide film. Even though
adsorption of water occ irred on the oxide-covered
surfaces, significant differences were observed in
the adsorption characteristics of these three dif-
ferent resistivity samples, as seen in the figures.

The results of Fig. 1 reveal that water was ad-
sorbed physically to form a monolayer on the 0.14
ohm-cm. germanium after 25° outgassing. Close
packing was indicated by the calculated C.S.A. of
11.8 A.2 per water molecule. Ligenza3 observed
an uptake of 3.82 X 10~8 g. of oxygen/cm.2 of
germanium and showed that this value corre-
sponded to two oxygen atoms per surface germa-
nium atom in the 111 plane. Based on this obser-
vation, 13.6 A.2was calculated to be the C.S.A. of
each site on the oxide-covered surface. This value
is in reasonable agreement with the C.S.A. calcu-
lated for the adsorbed water molecule, despite sur-
face heterogeneity and polycrystallinity of the sur-
face.

The total water adsorption on the 0.14 ohm-cm.
sample on a unit area basis decreased only slightly
after evacuation at 100°, whereas the physical
adsorption dropped considerably. The correspond-
ing increase in the chemisorbed quantity, compared
to that at 25°, amounted to about 0.20. A marked
and parallel decrease was observed for the total
and physical adsorption after activation at tem-
peratures above 100°, but there was only a small
change in the amount of chemisorbed water. This

3) J. R. Ligenza, ibid., 64, 1C17 (1960).



1820

G. Srinivasan

Fig. 1.—Adsorption of water on 0.14 ohm-cm., n-type
germanium.

observation suggests that the mild outgassing be-
tween 25 and 100° is sufficient to drive off all the pre-
adsorbed water from this sample. The decrease
in total water adsorption with activation tempera-
ture was unexpected but was an important clue
for deducing the mechanism of adsorption. It
appears that evacuation at elevated temperatures
produced hydrophobic surface sites increasing in
number with increasing activation temperature.

The total and physical amounts of water ad-
sorbed on the 5-10 ohm-cm. sample after 25°
evacuation amounted to ca. 0.7d and the total
approached 6 = 1 as the activation temperature
increased to ca. 300°. This increase was due pre-
dominantly to the desorption of strongly bound
water in the oxide layer formed during crushing—
the chemisorbed water of Fig. 2. Evidently, water
molecules do not adsorb physically on strongly
bound or chemisorbed water molecules initially pres-
ent on the surface. Similar results have been pre-
viously reported,4but only rarely.

Above the 300° activation step, the amounts of
total and chemically adsorbed water in the mono-
layer decreased. It is interesting that this de-
crease in water adsorption had its onset at an
activation temperature just required to remove
completely the monolayer of physically and
chemically adsorbed water originally bound to the
surface.

Water adsorption on the 4 ohm-cm. sample
might well be expected to be intermediate between
that found for the 0.14 and 5-10 ohm-cm. samples.
While this was true in part, significant differences
were found, particularly on adsorption of water
on the 4 ohm-cm. sample activated in the lower
temperature range. Area ratio values greater than
1.0 were found, due apparently to a somewhat
thicker film of oxide or one of different surface
stoichiometry formed during the six-months storage
period in air. The 25° outgassed sample, for ex-

. J.J. Chessick, and A. C. Zettlemoyer
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ACTIVATION TEMPERATURE, °C.

Fig. 2.—Adsorption of water on 5-10 ohm-cm., n-type
germanium.

Fig. 3.—Adsorption of water on 4 ohm-em., n-type
germanium.

ample, adsorbed the equivalent of 1.3 layers of
water as calculated from BET Fms. This total
adsorption per unit area increased further to 1.7

4) F. H. Healey, J. J. Chessick, and A. V. Fraioli, J. Phys. Chem.tlayers after activation of the sample at 150°.

60, 1001 (1956).

After activation at temperatures greater than 150°,
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an abrupt decrease in amounts adsorbed occurred,
as observed with the other samples to a lesser de-
gree.

Table I records the results of water adsorption
after activation at 300°. Activation at this tem-
perature was chosen as the basis for comparison
among germanium samples including the 4 chm-cm.
sample which had a different history and adsorbed
more water per unit area than the other samples.
In addition, at this outgassing temperature, all the
pre-adsorbed water was finally lost by the 5-10
ohm-cm. sample. It can be seen from Table | that
the amount of water chemisorbed in the monolayer
decreases with decreasing resistivity of the ger-
manium powders. This trend in adsorption was
also exhibited by all the '«-type specimens at higher
temperatures. The results obtained after activa-
tions at 400 and 500° were not considered further
because of the hydrophobing of the oxide surface
which presumably occurs by dehydration of surface
hydroxyls similar to that which occurs on silicas.
The earlier studies of propanol adsorptionl ex-
hibited a similar adsorption pattern for n-type
germanium powders after thermal activations
above 200°.

Table |

Total, Physical, and Chemical Adsorption of Water
at 25° on ti-Type Ge Powders After Activation at 300°

SHzO (water area (m.2g.)) ‘'--—-—--- SH2/SA---------
Physi- Chemi- Physi- Chemi-
Sample Total cal cal Total cal cal
0.14 ohm-cm. 0.107 0.072 0.035 0.62 0.42 0.20
4 ohm-cm. 135 .090 .045 .93 .63 .30
5-10 ohm-cm. 161 .096 .065 .94 .56 .38
Discussion

The Influence of Thermal Activation on Water
Adsorption per Unit Area of Ge Samples.—The
finding that less than a monolayer of water adsorbs
per unit area on the one-day stored samples as well
as the decrease in water adsorption at activation
temperatures above a specific temperature will be
explained. It is more convenient to discuss the de-
creased adsorption at higher activation temperatures
first to provide a foundation for explaining the other
results observed.

Three possible explanations for the decrease in
water adsorption above a specific temperature of
activation can be advanced, viz., (1) recrystalliza-
tion of the oxide layer into discrete crystallites of
oxide which cover only a portion of the surface;
(2) loss of oxide due to volatilization; and (3)
change in the chemical nature of the oxide film.

Recrystallization during high temperature evacu-
ation of thin oxide films produced by oxidation at
25° on nickel and cobalt metal with the formation
of discrete, bulk-like crystallites appears plausible.6
The crystallites occupy only a small portion of the
surface and are located at heterogeneous sites such
as those produced by surface roughness, by the
intersection of two planes on the surface, and by
chemical impurities. Law6 observed that bare
germanium chemisorbed one layer of water and

(5) (@ R. M. Dell, J. Phya. Chem., 62, 1138 (1958); (b) A. C.
Zettlemoyer, Yung-Fang Yu, and J. J. Chessick, ibid., 64, 1099 (1960).
(6) J. T. Law, ibid., 59, 67 (1955).
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adsorbed a second layer of physically bound water
on top. Furthermore, he reported that germa-
nium dioxide adsorbed only about half as much. If
recrystallization occurred in the samples used here,
islands of fresh germanium surface would have
been exposed and water adsorption would have in-
creased with temperature of activation. Contrary
behavior was exhibited by all three samples.
Therefore, the recrystallization mechanism appears
to be ruled out.

The decrease in water adsorption cannot be at-
tributed to volatilization of the oxide from the
surface, particularly at the low temperatures and
at the pressure of 10-6 mm. employed. Law6 used
an outgassing temperature of 800° to produce
oxide-free germanium surface. Ligenza had
pointed out that temperatures above 530° and
pressures below 10~8mm., conditions not employed
in our present study, were necessary to produce
clean germanium surface.3

Change in the chemical nature of the oxide film
as a result of thermal evacuation is the other pos-
sibility. This possibility is consistent with the
mechanistic description of water adsorption dis-
cussed below. If the outermost surface layer
formed during exposure to the atmosphere consists
of hydroxyl groups, water can be lost according to
the equation

0]

2 >Ge—OH — > —Ge-—-- Ge— + HD

/'\
producing hydrophobic -Ge--—-- Ge- groups. This

process is similar to the dehydroxylation of silanol
groups on silica which can begin between 100 and
o
/
200°7, the siloxane, Si Si, groups formed also
do not adsorb water in the relative pressure region
below saturation.

The germanium powders studied here resemble
activated silica and alumina samples in exhibiting
a decrease in the water uptake above a specific
temperature of outgassing. The presence of hy-
droxyls on high area silica and alumina samples has
been demonstrated. Some experimental confirma-
tion has been obtained for the existence of surface
hydroxyls on Ge. Such groups are known to react
with chlorosilanes producing a hydrophobic sur-
face film of -O-silane groups and HCl1. A chem-
isorbed, hydrophobic layer was produced on the 4
ohm-cm. sample treated in this manner. Un-
fortunately, no direct method of detecting surface
hydroxyls on large diameter Ge is known.

The presence of hydroxyl groups on crushed
germanium powders and the adsorption of water
molecules in donor fashion best explain the experi-
mental results. Indeed, the adsorption of water
on an oxide-type surface of Ge in donor fashion has
been demonstrated by electrical measurements

(7) G. J. Young, J. Colloid Sci., 13, 67 (1958).
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conducted by solid state physicists.8 A similar
approach was very successful in interpreting the
results of propanol adsorption. The thickness of
the oxide or hydroxyl layer formed during exposure
to the atmosphere is not known. Two experi-
mental facts suggest that this layer is thin, perhaps
monomolecular. First is the definite influence of
the electronic properties of the metal on water
adsorption (vide infra) and second the fact that
exposure of the crushed powder for 6 months did
not alter significantly the adsorption characteristics
as demonstrated by comparing these results with
those obtained for samples stored only one day.

Water Adsorption and the Electronic Properties
of Germanium Powders.—Thermal activations at
temperatures ca. 100, 150, and 300° were necessary
to deplete the monomolecular films of water ad-
sorbed at the oxide-vapor interface from the 0.14,
4, and 5-10 ohm-cm. samples, respectively. This
important result indicates that the interaction of
water with the oxide coating becomes stronger with
increasing resistivity of the underlying germanium.

In addition, the decrease in the water adsorption
per unit area had its onset at 300° activation for the
5-10 ohm-cm. sample, at 150° activation for the 4
ohm-cm. powder, and at 100° for the 0.14 ohm-cm.
sample. These results reflect significantly the de-
creasing stability of the oxide film to temperature
with the decreasing resistivity of the bulk germa-
nium. If the results of Table | also are used, the
proportion of the strongly bound water in the
monolayer, the energetics of the water adsorption,
and the stability of the oxide film to temperature
all decrease in the order

5-10 ohm-cm. > 4 ohm-cm. > 0.14 ohm-cm.

The model used in the interpretation of propanol
adsorption resultslis likewise extended to water.
Adsorption of water molecules with the oxygen
directed toward the surface is illustrated below.

(8) See, for example, “ The Surface Chemistry of Metals and Semi-

conductors,” Harry C. Gatos, Ed., John Wiley and Sons, New York,
N. Y., 1959, p. 60.

J. J. Chessick, and A. C. Zettlemoyer
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Here, Ge+2 entities are assumed to act as surface
traps for conduction electrons. Whether the elec-
tron resides at a Ge ion trap or is “quasi-free” in the
outermost hydroxyl layer cannot be determined
from the results of experiments performed. Never-
theless, an increased electron concentration at the
hydroxyl-water vapor interface is postulated which
reduces the strength of binding of water molecules
absorbed donor fashion in the monolayer. This
model is consistent with the finding that the extent
of chemisorbed water and the strength of the water-
surface bond in the monolayer increase as the resis-
tivity of the n-type Ge samples increases.

The instability of oxide films on n-type Ge, the
differences in chemisorptive characteristics, the
energetics of bound water on oxidized Ge powders,
which have been shown to be directly related to the
electronic properties of a variety of n-type speci-
mens, illustrate dramatically the changes in semi-
conductor properties with temperature. Other
environmental changes may also have a profound
effect. The lack of stability of Ge semiconductors
which are not maintained in an unchanging en-
vironment is therefore not surprising.

Acknowledgment.—The authors gratefully ac-
knowledge the financial support for this work re-
ceived from Semiconductor Products Department,
General Electric Co., Electronics Park, Syracuse,
New York.
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The heats of immersion of the three substrate materials in hexane have been measured as a function of particle size and out-

gassing temperature.

In the past fifteen years there have been sporadic
measurements of the heats of immersion (AH{)
of Si02, A1 3 and Ti02 in saturated hydrocarbons.
Healey, et al.,1measured the heats of immersion of a
7.3 m.2g. Ti02 specimen in a number of organic
liquids including hexane, heptane, and octane.
The latter three adsorbates gave AH/s of approxi-
mately 140 ergs/cm.2 Stowe2obtained a A//, of
73 ergs/cm.2 for an alumina gel of 155 m.2g.
specific surface area in hexane. Aleksandrova and
co-workers3 measured AH/s for Si02 gels with
specific surface areas varying from 275-695 m.2g.
in heptane and obtained values of 50-75 ergs/cm.2
Recently Whalen4 has studied the immersion of
Si02 gels in cyclohexane and obtained values of
AHi varying from 90 to 280 ergs/cm.2

No AH, measurements have been made on a
series of any of the above three adsorbents as a
function of outgassing temperature and particle
size and since similar measurements with a polar
liquid (e.g., HD) have shed some light on adsorbent
surface structure,5 it was believed that measure-
ments with non-polar adsorbates would be a
logical extension. Moreover, since there are a
number of hexane adsorption isotherms on the
contemplated Si02 Al1D3 and Ti02 samples
available from this Laboratory,6%@hexane appeared
to be a logical choice for a non-polar liquid.

Experimental

Adsorbents.—The three adsorbents are those previously-
used for H20, and methanol, and hexane adsorption studies
and have been described earlier.6-8 The samples ranged in
purity from 99.5 to 99.96%. Prior to immersion the sam-
ples were vacuum outgassed at 10-6 mm. torr. for 48 hr. at
the temperatures noted in Table I. The outgassing tem-
peratures carry an accuracy of £3°.

Adsorbate.—-Two grades of Phillips Petroleum Company
n-hexane were employed: Research Grade and Pure Grade.
The Research Grade is 99.6+ mole % «-hexane, whereas
the Pure Grade is 99+ mole % n-hexane. The principal
impurities of both grades are other hexane isomers. No
differences in AHfa were noted for identical samples with
the different grades and consequently, the Pure Grade was
used for the majority of the measurements.

(1) F. H. Healey, J. J. Chessick, A. C. Zettlemoyer, and G. J.
Young, J. Phys. Chem., 58, 887 (1954).

(2) V. M. Stowe, ibid., 56, 487 (1952).

(3) G. I. Aleksandrova, V. F. Kiselev, K. G. Krasil'nikov, V. V.
Murina, and E. A. Sysoev, Doklady Akad. Nauk, S.S.S.R., 108, 283
(1956).

(4) J. W. Whalen, J. Phys. Chem., 66, 511 (1962).

(5) W. H. Wade, H. D. Cole, D. E. Meyer, and N. Hackerman,
Advances in Chem., 33, 35 (1961).

(6) R. L. Every, W. H. Wade, and N. Hackerman, J. Phys. Chem.,
65, 25 (1961).

(7) R. L. Every, W. H. Wade, and N. Hackerman, ibid., 65, 937
(1961).

(8) W. H. Wade and N. Hackerman, ibid., 65, 1681 (1961).

The results are interpreted in terms of van der Waals and ion-induced dipole interactions.

The water content of the hexane was reduced to levels
undetectable by Karl Fischer reagent (> 1p.p.m.) by storing
gallon quantities of hexane over kilogram quantities of
Linde 4A Molecular Sieve exhaustively dehydrated at 450°.
The hexane was decanted into the calorimeter dewars
just prior to sealing the calorimeter and simultaneously a
small amount of “fresh” molecular sieve was added.

Calorimeter.—The calorimeter used in the present studies
is a revised version of the type used previously.9 It is an
adiabatic differential calorimeter with thermistor tempera”™
ture sensing elements. It differs from the old design in the
following ways: (1) provision has been made for handling
12 samples during a single run, (2) the sample breakers are
coupled through the calorimeter head with brass diaphragms,
and (3) the stirring is accomplished through a magnetic
coupling. The object of the new design is both to obtain
a maximum amount of information for a given filling of
immersion liquid and to ensure complete vacuum sealing
for the calorimeter vessels. These factors were considered
essential for measurements with high vapor pressure organic
liquids which are both expensive and difficult to keep
moisture free.

The performance of the new calorimeter is very similar to
that of the older version. Relative temperature excursions
in the calorimeters were less than 4 X 10-6°C. at the
highest sensitivities used. The electrical calibrations at the
beginning and end of each series of measurements agreed
to £2%. All AHi measurements are in duplicate with
a representative agreement of +3% . All measurements
were at 25 + 0.05°.

Corrections to AH, for the vaporization of hexane during
the shattering of the sample bulbs became progressively
larger for samples of lower specific surface and for samples
of specific area 2.72 m.ag. amounted to 100%.

Results and Discussions

The heats of immersion of the various Si02
Al2D3 and Ti02samples are presented in Table I.
There are four trends evident in the data: (1)
there is a slight but real increase of AHi with out-
gassing temperature, (2) the heats of immersion of
Al2D3 and Ti02 are similar in magnitude whereas
the Si02 heats are about 50-75% of these, (3) in
general the heats are much smaller than those ob-
served during H2 absorption on these samples,
and (4) there is a small but general increase of
AH, with increased particle size.

The low heats of immersion are to be expected
since the only significant attractive forces involved
in the absorptive process arise from van der Waals
and ion-induced dipole sorbent-sorbate interactions
and van der Waals attractive lateral interactions
(somewhat perturbed by polarization of the ad-
sorbate molecules). The heats are similar in
magnitude to those obtained by calculation on the
basis of simple Lennard-Jones potential energy
functions for inert gases on KC1 crystal faces.1011
For orientation purposes, 100 ergs/cm.2 on the

(9) A. C. Makrides and N. Hackerman, ibid., 63, 594 (1959).
(10) J. M. Honig, Ann. N. Y. Acad. Sci., 58, 741 (1954).
(11) J. H. DeBoer, Advan. Colloid Sci., 3, 1 (1950).
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Table |

Heats or Immersion (AHi) of Various Si02 A1208 and Ti02 Samples for Specific Surface Areas (S) in m.2 g. and

Outgassing Temperatures [T(OG)] as Noted

------- sior e AIO3
s 188 272 456 312 65.2
100 100 100
142 108 103
200 200 170 170 200
80 05 150 112 145
T{0G) 240 240 240
AH 152 120 111
310 310
151 117
400 400 380 380 380
95 67 149 121 112
450 450
155 125

basis of complete heat development in a monolayer
(probably a good assumption for short range van
der Waals interactions) of hexane molecules of
area around 65 A.267 corresponds to approxi-
mately 1 kcal./mole.

The slight increase of AH[ with outgassing tem-
perature is understandable from the nature of van
der Waals forces and a more detailed consideration
of the adsorbent surface structure. All these
oxide surfaces have been shown to be populated by
-OH groups. During the adsorption of HD and
CH30H, these OH groups increase the total inter-
action energy via hydrogen bonding. With hexane,
hydrogen bonding contributes nothing to the inter-
action and, in fact, these groups weaken the van
der Waals interactions by prohibiting intimate
contact between the hexane molecules and the
Si02 A1D 3 and Ti0O2lattices. Thus, reducing the
surface OH concentration by elevating the out-
gassing temperature increases the heats of im-
mersion.

The low values for the heats of immersion of
Si02 as compared to A1 3and Ti0O2can be semi-
guantitatively explained on the basis of a continu-
um model of the substrate.0 In this model the
particulate nature of the substrate is lost and the
vertical interaction energies are simply related to
the density via

Wv = irprsU(q2/3 — g945) 1)

where Wv is the van der Waals interaction energy
at zero coverage, p is the bulk density of the ad-
sorbent, and the other terms are of no interestin the
present discussion. This simple model says that
at low coverage, the heat of adsorption is directly
proportional to the substrate density. This is
borne out in the present study for the three sub-
strates Si02 A1D 3 and Ti02with their respective
densities of 2.5, 4.0, and 4.0. The contribution of
vertical van der Waals interaction energies to the
total heat of absorption must be comparable in
magnitude to all of the other contributions to the
total adsorbent-adsorbate interaction energy before
this effect becomes noticeable.

In considering the variation of AH; with particle
size a more refined model than that presented above
must be used. Any argument considering only the

————— Sample
109 221 6.45 114 188 105* 174 202
100 100 100 100
81 65 119 87
170 200 200 200 170 200 170
85 134 99 74 137 107 95
240 240 240
68 142 93
310 310 310
82 69 95
380 380 400 400 400 400
80 70 137 112 69 111
450 450
89 70

van der Waals forces operative in the adsorption
of a non-polar molecule such as hexane on a sub-
strate (either ionic or covalent) would predict a
heat of adsorption independent of the substrate
particle size. This statement is true even including
lateral interactions. This position might need to
be modified when the particle diameter is dimen-
sionally comparable to the hexane molecule (about
20 A. in particle diameter) as is the case for surface
areas exceeding 200 m.2g. Further complica-
tions with the former model arise if the surfaces
were contaminated or if change in bulk density in
the surface region accompanied the variation in
particle size. Surface contamination is not a
likely explanation of the present set of data since
the variation with particle size tends uniformly in a
given direction and surface contamination would
probably exhibit a random variation with particle
size.

Furthermore, variations of surface density of the
three substrate materials with particle size cannot
be a complete explanation of the phenomenon.
From a consideration of equation 1 and considering
no additional exothermic contributions to the
AHi from lateral interactions, a 50% increase in
AHi would require at least a 50% increase in
density of the substrate in the surface region.
The changes in AHt with particle size of the ad-
sorbents (Table 1) would require implausibly
large changes in surface density with the possible
exception of Si02 However, the experimental vari-
ation is in the right direction to be explained in this
manner. There are strong indications that small
particles are more amorphous than large crystalline
ones and the “amorphous” densities are un-
doubtedly lower than the “crystalline” densities.

Probably the major contribution to the variation
of AHi with particle size for hexane adsorbed on
any of the three substrates lies in the variation in
contribution of ion-induced dipole interactions to
the over-all heat of adsorption. This contribution
to the total energy for an isolated molecule is

W 1-id =

VioiE 2 (2)

where a is the polarizability in cc., and E is the
electrostatic field strength in e.s.u. units. 11T-m
is the energy per adsorbed molecule in ergs. Of
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course the electrostatic field in the vicinity of an
adsorbed particle (especially a long hydrocarbon
chain) is too inhomogeneous to permit other than
crude calculations on the basis of equation 2.
Honig® has reviewed the status of ion-induced
dipole calculations for somewhat simpler systems,
e.g., argon adsorbed on oriented crystal faces of
KC1 lattices. Calculations based on equation 2
gives TFi-ro values about 100% too low compared
to more refined calculations where the interaction
energy is integrated over the variation in electro-
static field for an argon atom in a fixed geometric
position on the lattice.

Healey, et al.,1 estimated the electrostatic field
strength at 3.0 A. distance from a Ti02surface by
measuring the variations of AHi with dipole moment
of a number of polar adsorbates and used the
relationship

Wxd —pE 3)

where p is the dipole moment, E has the same sig-
nificance as before, and Wi-u is the ion-dipole
interaction energy per adsorbed molecule. They
obtained a value of 3.2 X 105e.s.u. The polariz-
ability of hexane calculated from the Clausius-
Mosotti equation is 12 X 10-24 cc./molecule,
and this with the estimated field strength dictates
an ion-induced dipole interaction energy of ap-
proximately 9 kcal./mole. This is an order of
magnitude higher than the presently observed
interaction energies on the three surfaces where
100 ergs/cm.2 is equivalent to approximately
1 kcal./mole referred to the pure liquid. Ap-
parently E2is too high by a factor of at least 10
for hexane-Ti0O2 This restricts the argument to
one which is qualitative in nature.

Previous measurements5-9 have supported the
hypothesis that small particles are amorphous,
having a low electrostatic field strength compared
to crystalline oxides having a uniform outer layer of
oxide or hydroxide ions and a relatively high
associated electrostatic field strength. Due to
dependence on E2 relatively small perturbations
in the electrostatic field strength (via recrystalliza-
tion or grinding) can have a large effect on
If IPi-id contributes appreciably to AII\, then
AH) will once again vary with particle size as
found previously for HD on all these substrates.

With regard to the estimation of the Wi-id = 9
kcal./mole it should be recognized that E is very
sensitive to the “distance” of the hexane molecule
from the surface. The field strength is exponen-
tially related to this distance. Thus a 50% in-
crease in distance from 3.0 to 4.5 A. corresponds to
a 4.5-fold decrease in field strength, a 20-fold de-
crease in E2 and thus a change from 9 kcal./mole
to a more reasonable 0.45 kcal./mole.

An examination of the immersional heat data
for Ti02samples in Table | indicates some disagree-
ment with respect to a uniform decrease of AHi
with decreasing particle size. Actually if the
data for the two crystalline modifications (anatase
and rutile) are considered separately, no disagree-
ment exists. This has been noted previously for
Affj's observed during immersion of these samples
in water,8
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Some of the samples studied in the present
investigations have had hexane adsorption iso-
therms measured on them. These samples are
listed separately in Table Il, which gives their
integral heats of adsorption as calculated from
AH/s by

AHa = AHi - 179 4

Here 17.9 is the surface enthalpy of n-hexane in
ergs/cm.2 as calculated from the surface tension
and its temperature coefficient. Also listed are
the previously reported67 x values and the BET
molecular areas, @ The integral entropies of
adsorption have been unfolded from these data.
They show larger relative variations than do the
heats of adsorption. The same explanation as
offered before67can be used to explain the decrease
in entropy of the adsorbed state compared to the
liquid state. That is, as the particle size increases,
the surfaces become more crystalline and there is a
more ordered arrangement of the adsorbed hexane
molecules.

Table ”

Measured and Calculated Adsorption Parameters

ir (ergs/ AH&(ergs/ ASX(ergs/

Smvg) WA com) cm.) cm.2°C.)
i 188 76.2 19.0 47 0.094
\ 272 61.5 33.4 133 .335
/| 65.2 64.7 29.9 89 .198
\ 109 60.7 44.2 67 .076
I 105 53.9 46.4 119 244
1188 69.7 34.8 56 071
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R. J. Gooa_ (General Dynamics).—I wish to call ¥our
attention to Conway Pierce’s recent papers on the effect
of intergranular condensation on heat of adsorption.

H. wade—There are several Russian, studies of o
3|m|lar nature but none are applicable to gels in any sort of
quantitative way.
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Introduction

This study of liquid crystals gives results which
substantiate and extend an understanding of the
flow properties and order of the nematic and iso-
tropic states of p-azoxyanisole and anisaldazine.
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Table |

T ransition Temperatures for Compounds Studied
Literature values,
°C.M-4

This work, °C.
Solid- Nematic- Solid- Nematic-
Compound nematic  isotropic nematic isotropic
p-Azoxyanisole 118 135 1185 1%

Anisaldazine 169 182 169 182
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Leipzig, 1924.
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Results

Orientation Viscosities: p-Azoxyanisole.—In the
stable solid of p-azoxyanisole, the molecules are
oriented with their axes parallel. The azoxy
group of one molecule is adjacent to the ether group
of another. These dipoles lead to threadlike
molecular aggregates which are typical of the fluid
nematic phase.9 The viscosity measured by both
conventional capillary flow and by the concentric
cylinder viscometer corresponds to the lowest of
magnetic orientation viscosities. This indicates
that nematic aggregates readily attain maximum
orientation in the direction of flow.10-13 The con-
sistent concentric cylinder results indicate that the
nematic phase orients not only in a plane parallel
to the shearing surfaces but also aligns totally in
the direction of flow. Data in Fig. 1 show that
nematic aggregates are at maximum orientation
over a wide range of shear rates. Figure 1 also
indicates that shear rates to above a half million
reciprocal seconds do not orient individual mole-
cules in the isotropic liquid. Viscosities for the
nematic state do increase, however, if shear rate is
decreased below a homogeneous value of about
2000 sec.'l This agrees with the general region
of fractional orientation and non-Newtonian flow
indicated by previous light transparency and low
shear, capillary flow measurements.13

The energy conversion in the concentric cylinder
viscometer causes small temperature gradients
within the test fluid. These gradients represent a
force for orienting the nematic phase.141% This

(8) W. Ostwald and H. Males, Kolloid-Z., 63, 192 (1933).

(9) J. D. Bernal and D. Crowfoot, Trans. Faraday Soc., 29, 1032
(1933).

(10) M. Miesowicz, Nature, 168, 27 (1946).

(11) J. Falgueirettes, Compt. Rend., 241, 71 (1955).

(12) G. Becherer and W. Kast, Ann. Physik., 41, 355 (1942).

(13) S. Peters and H. Peters, Z. Physik. Chem. (Frankfurt), 3, 103
(1955).

(14) G. W. Stewart, Phys. Rev., 69, 51 (1945).
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thermal alignment is perpendicular and in opposi-
tion to orientation
The observation of maximum orientation nematic
viscosity in the rotational viscometer thus indicates
that neither random nor directional thermal effects
in the nematic phase compete successfully with

shear orientation at stresses above 500 dynes/cm.2

Miesowicz has shown the influence of an orient-
ing magnetic field on the viscosity of p-azoxy-
anisole. 1036 Limiting high and low viscosities
were obtained as a function of temperature at 3800
gauss for orientation parallel to the direction of
flow and parallel to the velocity gradient. These
values of Miesowicz have been replotted in Fig. 2.
The previously described capillary and rotational
viscometer measurements also are plotted; they
agree within precision with the Miesowicz values
for magnetic orientation in the direction of flow.
Viscosities for unoriented nematic structures of p-
azoxyanisole have been measured by Becherer and
Kast using the Helmholtz method.22 The Becherer
and Kast values have been replotted and reinter-
preted by least squares analyses as given in Fig. 2.

It is of interest that neither oriented nor un-
oriented nematic viscosities form a continuous
series with isotropic viscosities. For anisaldazine
a continuous series of nematic and isotropic values
has been proposed in terms of microwave dielectric
loss.’l8 Because of the change of state at the
nematic-isotropic transition, a continuous series
for viscosities or dielectric properties would seem
not to be required. The dielectric loss for the
randomly oriented nematic state also has been re-
lated to the corresponding quantities in a perpen-
dicular magnetic field and in a parallel field.18
Applying the approximation that the nematic
liquid crystalline state consists of rigid rods leads
to a simple integer relationship between the di-
electric loss for the various orientations. Such
simple expressions have been only moderately suc-
cessful. 1718

An orientation relationship of the general dielec-
tric type has been applied to viscosity data for the
nematic state of p-azoxyanisole. The use of this
form is rationalized by the fact that dielectric loss
can be inversely proportional to relaxation times.
Hence, by simple Debye theory, dielectric loss
should be proportional to T/ij, where T is absolute
temperature and 7 is absolute viscosity.1l8 By
these considerations, a strikingly simple and ac-
curate relationship has been developed for nematic
orientation viscosities.

Equation 1 describes within the precision of meas-
urement the relation between viscosity for the ran-
dom oriented nematic phase, 7Q0 and the limiting
low and high viscosities, », and 72, for nematic
orientation parallel to flow and parallel to the shear
gradient, respectively. Equation 1 holds with

(15) R. C. Davis and G. W. Stewart, Proc. lona Acad. Set., 45,
189 (1938).

(16) M. Miesowicz, Bull. Acad. Pol., A, 228 (1936).

(17) E. F. Carr, J. Chem Phys., 26, 420 (1957).

(18) E. F. Carr and R. D. Spence ibid., 22, 1481 (1954).

Orientation of Nematic Mesophases

in the direction of flow.145

1827

Fig. 1—p-Azoxyanisole: viscosity ... shear rate.

notable constancy over the entire nematic range
for p-azoxyanisole.

Flow Activation Energies.—The original pres-
entations of random and magnetic orientation
viscosities for p-azoxyanisole were in plots of linear
viscosity vs. linear temperature.1216 The log vis-
cosity vs. reciprocal of absolute temperature plot,
used in Fig. 2, gives a generally more linear cor-
relation. Apparent flow activation energies also
may be calculated from slopes for the linear por-
tions in Fig. 2. Flow activation energy is defined
here as R(d In 4/1/T°k), where R is the gas con-
stant and 7is absolute viscosity. Flow activation
energies calculated from least squares analyses are
givenin Table Il. Values for flow oriented nematic
viscosities and for the isotropic state of p-azoxy-
anisole have been derived from more complete
data.13

Adsorption.— Adsorption represents a potential
error in viscosity measurements. Viscosities meas-
ured in the concentric cylinder instrument generally
were found to be independent of fluid thickness
and to agree with limiting orientation values;



1828

Roger S. Porter and Julian F. Johnson

Vol. 66

, TEMPERATURE'C =
Fig. 3—Mesophase transition viscosities for anisaldazine.

Table Il

Flow Activation Energies for p-Azoxyanisole

Fluid state Nematic liquid crystals, 119-132° Isotr(l)goic
Molecular Flow Gradient >135°
orientation_ oriented oriented  Unoriented Unoriented
Flow activation
energy 13.0 3.5 5.1

compare Fig. 1 and 2. In several nematic phase
determinations, however, apparent viscosities were
above precision limits. For example at 128°,
high apparent viscosities near 2.8 and 2.9 cp. were
obtained with fluid thicknesses of 3.35 and 2.79
X 10~4cm., respectively. This corresponds to an
effective decrease in fluid thickness of about 0.6 p.
This suggests an adsorbed film of p-azoxyanisolc
of 0.3-0.6 n, depending on whether the film is ad-
sorbed on one or both of the steel cylinders. In
two cases, the probable adsorbed layer appeared to
be slightly less thick, but not destroyed, at high
shear. Apparent adsorption was observed at tem-
peratures in the nematic range and up to 137°.
Previously reported dimensions for nematic
aggregates are similar to thicknesses of adsorption
layers measured here. From nematic viscosities
in a rotating magnetic field, it appears that p~
azoxyanisole is associated in groups with diam-
eters of the order of 0.7 p.1 By studying light dif-
fusion, it has been concluded that nematic struc-
tures of 0.2-0.3 ixin largest dimension are present.1
The nematic aggregates decrease in size with in-

creasing temperature. From the effect of orienta-
tion of the aggregates on the mobility of foreign
ions, aggregate size has been calculated to vary
from 106106molecules over the nematic range.1©

Anisaldazine.—Figure 3 compares new viscosity
results with the earlier values for anisaldazine.
The data of Bose have been put on an absolute
kinematic scale by using new anisaldazine nematic
and isotropic viscosities obtained in this study.202
The calibrated Bose data, Observer C, are in ex-
cellent accord with the new results over the full
temperature range. Bose’s data, Observer B, also
show agreement but with less definition.2 The
earlier data are generally less accurate as tempera-
ture fluctuations of over 1° were reported during in-
dividual capillary flow measurements. Neufeld’s
capillary flow data on anisaldazine also have been
calibrated with new data obtained here.2 The
lowest values for the nematic state, obtained in
Poiseuille or laminar flow, likely correspond to
maximum orientation in shear flow. This is be-
cause results with different viscometers give equiv-
alent results. Bose was able to obtain flow
measurements up to 5° below the nominal transi-
tion for his good quality anisaldazine. Similarly,

(19) L. S. Ornstein and W. Kast, Trans. Faraday Soc., 29, 931
(1933).

(20) E. Bose and F. Conrat, Z Physik., 9, 169 (1908).

(21) E. Bose, ibid., 10, 32 (1909).

(22) F. Kruger, ibid, 14, 651 (1913).
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in this study viscosity measurements were obtain-
able to several degrees below the observed solid
transition of p-azoxyanisole; see Fig. 2 and Table I.

The higher nematic viscosities in Fig. 3 have been
obtained by Bose and by Neufeld from measure-
ments at higher shear induced by an overpressure
on special capillary viscometers.2-2 The increase
in nematic viscosity has been attributed to Reyn-
olds type turbulence.2l The Reynolds numbers
for turbulence, however, may not be sufficiently
large, although they cannot be calculated exactly.
It is possible that other causes are responsible for
the viscosity increase, such as need for capillary
corrections or capillary residence times approaching
relaxation times for the nematic microstructure.
Kruger, who quotes Neufeld's thesis data, says
nematic anisaldazine at high pressure shoots

CRITICAL PHENOMENON
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through the capillary viscometer like a rigid body.2
It is significant that such high shear anomalies were
not observed here for nematic structures of p-
azoxyanisole; see Fig. 1. The results in Fig. 1 also
indicate that oriented nematic structures are not
broken up at high shear. Such a speculation has
been made to account for the higher nematic
viscosities in Fig. 3 induced by higher pressures and
shear rates in capillary viscometers.2 Tests com-
parable to those in Fig. 1 were not made on anisal-
dazine, as its nematic state exists beyond the opera-
tional temperature limits of the concentric cylinder
viscometer.
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Introduction

The separation of aqueous soaps into two solu-
tion phases (coacervation) occurs for a number of
cationicl and anionic2 soap species with the addi-
tion of simple electrolytes to their aqueous solu-
tions. The homogeneous phase of several cationic
soaps, which form coacervates, shows two pro-
nounced effects prior to two-phase formation3:
(a) at low electrolyte concentrations, the degree of
micellar ionization is critically suppressed and (b)
the soap micelles grow to a size which is of the
order of 102 to 5 X 102fold larger than the mi-
celles in an electrolyte-free solution. An additional
effect has been observed.3 Intermediate between
zero electrolyte and the critical electrolyte concen-
tration (c.e.c.), a narrow electrolyte transition
range (e.t.r.) may be identified, for each coacervat-
ing system at a fixed temperature, in which light
scattering, viscosity, and diffusion studies indicate
an apparent transformation of the micellar species

(1) 1. Cohen, C. F. Hiskey, and G. Oster, J. Colloid Set., 9, 243
(1954).

(2) A. C. Bungenberg de Jong, “H. R. Kruyt Colloid Sci.,”
Elsevier, Amsterdam, 1949, Chap. X.

(3) 1. Cohen and T. Vassiliades, J. Prytt. Chen™ 65, 1781 (1961).
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rolyte systems

from an essentially isotropic to an anisotropic
entity.

The purpose of this study is a detailed examina-
tion of soap micellar growth as a function of elec-
trolyte concentration in a typical cationic coacer-
vating system. The system chosen for this study
was the Hyamine 1622 (Hy)-NaCIl-H2 system.
Although structurally the Hy soap monomer is a
rather complicated molecule, this system has the
advantage that gross changes in the system may
be observed for small electrolyte increments. A
further advantage of this system rests in the fact
that Hy forms a complex with molecular 12 The
infusion of small quantities of 12into this micellar
system produces changes in all of the characteris-
tic properties (of the homogeneous phase) of the
system. Specifically, in an over-all aqueous 1%
Hy solution for a 12ZHy molecular ratio of 1.25 X
10~3the critical NaCl concentration is lowered by
0.01 M as compared to the non-iodinated system.
A comparable shift in the e.t.r. for the system is
observed. In addition to the non-iodinated system,
this investigation encompasses Hy-12 complex
Systems in which 12Hy molecular ratios (R) range
between 5 X 10-3 and 5 X 10~2
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In a previous study of the electrolyte specificity
observed in aqueous Hy systems with a number of
monovalent anions4 it was shown that the c.e.c.
for each of the systems studied may be qualitatively
correlated with the initial ionization properties of
the system at low electrolyte concentrations.
The primary observable effects of relatively small
infusions of 12in aqueous Hy solutions are small
changes in the initial ionization properties of the
Hy micelles. A functional regularity is observed
in the ionization changes with increasing 12 con-
centration. Hence, an examination of Hy-12
complex systems provides a method for developing
guantitative relationships between the various
properties of the homogeneous phase of these
systems. Of special interest are quantitative
relationships between the c.e.c. and characteristic
properties of the homogeneous phase.

Experimental

Materials.—The following materials were used in this
investigation

CH, CHS
CH3— —CHU—C—

ch3 ;h3
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dilutions with HD and I2free Hy solutions. All experi-
mental solutions were equilibrated in a thermostat for
at least 3 hr. prior to making any measurements on these
solutions.

Results and Discussion

Micellar Molecular Weights.—Figure 2 repre-
sents the micellar molecular weights of a series of
aqueous Hy-12complex systems with 12Hy molec-
ular ratios (R) ranging from5 X 10~3to 5 X 10~2
in addition to the non-iodinated system. It is
apparent from these curves that the micellar molec-
ular weights are not a monotonic function of
NacCl concentration. In fact, a complicated mi-
cellar growth pattern is indicated with the addi-
tion of NaCl in small increments to the system.
Initially there occurs a relatively small micellar
growth with the first small additions of NacCl.
The initial small growth is followed by a relatively
sharp rise in micellar molecular weight over a
narrow range of NaCl concentration, to a near
plateau. This transition resembles a disorder-

CH,
~>Cl- HO

ch3

Hyamine 1622—diisobutylphenoxyethoxyethyldimethylbenzylammonium chloride monohydrate

c? Hyamine 1622 (Hy) is a commercial bactericide
produced by Rohm and Haas. This material was purified in
the following manner. A quantity of Hy was dissolved in
boiling acetone. The concentrated solution was filtered
while hot and left to cool slowly. A crystalline product
precipitated. The crystals were filtered, washed W|th

diethyl ether, then dried in a vacuum,desiccatqgr,for 2
ZMﬁese o er| rade which was freshly sublime before

ents.
(3) NaCl wa grade.
Apparatus.  LI{ fﬂ Scattering.—Light scattering measure-

ments were performed in a Brice-Phoenix photometer, using
incident unpolarized monochromatic light of wave length
5460 A. In this spectral region, 12 absorption is minimal
and does not interfere with fight scattering measurements.
The measurements were carried out in a cylindrical cell,
with solutions hICh had been filtered through milfipore

f 0.45 Y. pore size. Refractive index increments

were m asured with a Zeiss dipping refractometer.
or
concentratlon

p con ns in excess of the critical micelle

dqjis independent of electrolyte concen-
tration, iodine’ concéntration, micellar size, and micellar
shape. The refractive index increment for Hy-L-NaCl-
HD systems is 0.1913 cm. 3/,\%

Hyamine-12 Complex.—Molecular 12 forms a complex
with Hy. Figure 1 represents the optical absorption spectra
for the titration of a CHCfiJt solution in which the 12 con-
centration is 2.53 X 10”4 IVl, with a CHCI3HYy solution.
These curves show typical two -component spectra for the
solvated 12 and the Hy-12 complex. A binding constant
for the Hy-12 complex was calculated from these data.

The mode of preparation of the Hy-12 complex is the
addition of solid freshly sublimed 1» to an aqueous Hy
solution. The heterogeneous mixture is then shaken for
a prolonged period of time (5-6 days) until all of the 12
goes into solution. In a 6% Hy solution at room tempera-
ture, when the I2Hy molecular ratio is an excess of 10_1,
two immiscible products are formed, a heavy opaque viscous
material, and a supernatant aqueous solution of the Hy-12
complex. The heavy opaque material was not investigated
beyond the extraction of 12with CHC13from this material.
12 could not be extracted with CHCL from the aqueous
Hy-12 complex phase. The complex is soluble in both the
HD and CHCI3 layers.

A carefully prepared stock solution of 6% Hy was made
up in which the 12ZHy molecular ratio was 5 X 10"".
Experimental solutions were prepared by appropriatett

14) 1, Cohen and TV'V.assiliades, ./. Phys. Chem, 65, 1774 (1961).

order transition of higher order than one. Small
infusions of 12in these systems make the transition
sharper and shift the transition to lower NacCl
concentrations. With further additions of NaCl
beyond the plateau, a sharp discontinuity is ob-
served in the micellar molecular weights cor-
responding to a 20% growth of the micelle. The
remaining micellar growth to the c.e.c. falls on a
smoooth curve. In the latter NaCl interval,
the micellar growth is an exponential function of
the NaCl concentration (Fig. 3) and, for the non-
iodinated system at 30°, may be represented by

M K 1225(C~ O 1)

where M is the micellar molecular weight at NaCl
concentration, C; Mx is the micellar molecular
weight at NaCl concentration, Cx, which was arbi-
trarily chosen as the first experimental point on the
smooth curve which characterizes micellar growth
at higher NaCl concentrations. This expression
may be related to the 12ZHy molecular ratio (R) by

M xe1225(C- CX)eloR @)

The differential equation describing the growth
process at higher NaCl concentrations may be put
in the form

M =

M =

dM/M = 12.25el0f dc (2a)

It previously was observed4 that the micellar
molecular weights at the onset of two-phase forma-
tion for a number of coacervating cationic soap
systems varied over a considerable range of ap-
proximately 106to 5 X 106 This same variability
in micellar molecular weights is observed in the
Hy-12complex system. The vertical lines in Fig.
3 represent the critical micelle molecular weights
for the non-iodinated and for iodinatod systems.
The derived critical micelle molecular weight for
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Fig. 1.—Absgrption spectra of CH Hy-b solutions
12 concn., Hy conen., 12/Hy (fi)
(1)2.53 10-*
(2) 2.53 10-* 2.59 A 10" 0.94
(3) 2.53 10-* 5.37 A 10-* A7
(4) 2.53X10-* 1.17 X 10*3 21 i X
(5) 2.53 X 10-* 2.49 X 10-3 .10 1 23456789 DI ikBAI

the non-iodinated Hy-NaCl system is 1.98 X 106;
for the iodinated system in which the (I12Hy)
molecular ratio is 5 X 10-2, the derived critical
micellar molecular weight is 1.10 X 106 This is
a further indication of the fact, previously noted,4
that micellar size is not the sole critical factor related
to coacervation in soap systems and coacervation
can occur in the same cationic systems of different
critical micellar sizes.

Flory6has developed the theory for the limiting
case of coacervation in uncharged rodlike macro-
molecular solute systems. The driving force for
coacervation in anisotropic non-electrolyte systems
is the geometry of the system. When the effective
volume of a solute particle exceeds the total
available volume per solute particle the systems
separate into two phases, an ordered phase and a
randomly oriented phase.

In aqueous macro-ion systems, the geometry of
the solute particles is complicated by double layer
charge effects. Oster6 reported that in salt-free,
highly purified aqueous tobacco mosaic virus solu-
tions (TMV), the co-volume of a rodlike TMV
particle is approximately ten times the co-volume
calculated for non-interacting rods. The addition
of NaCl to a TMV solution reduces the virus co-
volume by virtue of shrinking the diffuse double
layer of the charged TMV solute particle. Two
macroscopic effects are observed with the addition
of NaCl to a TMV solution. At low NaCl con-
centrations (less than 0.05 M), the critical virus
concentration necessary for two-phase formation is
increased as compared to salt-free TMV solutions.
At higher NaCl concentrations, the two-phase
TMYV system is dispersed and the system becomes
a homogeneous solution. In the latter region of
NaCl concentration, the virus co-volume is twice
the co-volume calculated for non-interacting rods.

In the Hy-12 systems, a further complication is
observed with the addition of NaCl to the systems.
In the NaCl concentration region, corresponding

(5) P. J. Flory, Proc. Roy. 50c. (London), A234, 73 (1956).
(6) G. Oster, J. Gen. Phyriol., 33, 445 (1950).

MXIO* NaCl.

Fig. 2—Micellar molecular weights (m.m.w.) of hyamine
1622-b-NaCl-H2 systems as a function of NaCl concentra-
tion at30°: (a) F/Hy = fi = 5 X 10~2 (b)$H=—2X 10-*;
(©)fi =1 X 10~2 (d)fi = 05 X 10"2 (e)

3. —Micellar molecular weights (m.m.w.) of hyamine
1622 12 CI H20 systems as a fi functlo o% acCl concentra—
0

tion at ) 12ZHy = Rr
10"2; (e) = 1 X |0“2 (d)fi = 6(5 X (? (® f| =
to the onset of two-phase formation, a tremendous
growth of the soap micelles occurs as a function of
NaCl concentration. It may be seen from the
slope of the curves in Fig. 3 that in the iodinated
systems, the rate of micellar growth increases with
increasing 12concentration. The increased rate of
micellar growth, as a function of NaCl concentra-
tion, may be associated with the micellar ionization
suppression induced by the presence of 12 in the
system.

A qualitative model for coacervation in Hy-12
complex systems, consistent with the data developed
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Summary of Data for Hy'lj'NaC|'HJO Systems. ].% Hy at 300 Experimental and Calculated Values of OTBX,

NaCl

Grex

exp.
lilHy = R M
0.0
0.5 X 1072
1.0 10~2
2.0 X 10- 2
50 X 1Q

0.0825
.0804
.0733

0644

Mmex, C.E.C., AND CRITICAL MICELLE MOLECULAR WEIGHTS

NaCl NaCl c , NaCl
eaJéE&'.Bé(e) jUnmex Umax o Grrx

M exp. ealed. (8) M exp.

38,000 4.64
40,000 4.52
39,500 4.62
41 500 4.69
4.77

0.0825
.0785
.0730

0650

38,000
36,000
37,900
43,500

43,200

0.383
.363
.339

302

0.383
.362
.340
.302
211

i:edc(7)
ealeq.
M

NaCl
calcd.'Cll
M‘(I )

0.356
.353
.338
.297
211

M.m.w. at
c.e.c. Fig. 3

1.98 X 106
1.97 X 108
1.95 X 106
1.80 X 106
1.10 X 106

213
,Alé\lmurpdbers re e( to %IzgtnchfO{ gleclsec € OQ}EBX QWS 0. e

in this study, is one in which coacervation occurs in
soap systems when the micelles achieve a critical
effective volume. The critical effective volume is
related to both the micellar dimensions and the
diffuse double layer.

The double layer thickness, 1/k, is a function of
the ionic strength of the bulk solution. The critical
NacCl concentrations for the iodinated systems are
lower than the critical NaCl concentrations for the
non-iodinated system. The lower critical NaCl
concentrations combined with the lower micellar
ionization results in a lower ionic strength, and
consequently, a larger 1/k for the iodinated sys-
tems. In addition, since the solutions described
here are solutions of constant soap monomer con-
centration, the iodinated solutions contain a larger
number of micellar particles than the non-iodinated
system. The two effects, the larger 1/k and the
larger number of micellar particles, would account
for the attainment of a critical effective volume
necessary for two-phase formation of the smaller
iodinated micelles.

Figure 4 represents a differential plot of the data,
(AMZ/AC) versus NaCl concentration. Each of
these curves is characterized by a well defined
maximum at low NaCl concentrations correspond-
ing to the first molecular weight transition de-
scribed above. The quantities, (7raax, representing
the electrolyte concentration at which the maximum
in the differential curve occurs, (AM/AC),™%*,
and M nmex, the micellar molecular weight at (AM/
AC)mex, which are distinctive for each curve, are of
considerable interest in this study. These param-
eters provide the basis for a number of simple
empirical expressions which relate the c.e.c. to
characteristic properties of Hy-12 solutions at low
NacCl concentrations.

(7max may be determined with some accuracy
analytically. However, there is some uncertainty
in the experimental value of (AM/AC)max. The
first of these expressions relates the c.e.c. to Cnex

For all of the systems observed, the c.e.c. is di-
rectly proportioned to Cnax
c.e.c. = 4.65(7mex (Table I) (3)

Additionally, for each of these solutions

il7mex = VZAAM/AC)mex X Cnex (Table 1) (4)
and combining (2) and (3)
9-8Mmex

(AM/AC) mex ®)

ce'C

(7) jec. = (cec)Eo. K (8) mmx —

D|fferent|al

t;} i &wgflmnee); é &gq Fgﬁ ys%m”( %8

The infusion of 12in the aqueous Hyamine 1622
solution has the effect of decreasing Cnex and in-
creasing (AM/A(7)mex. Omex is related to the I12Hy

molecular ratio (R) by the following exponential
expression

Cmax = (Cne*)ie=0 C12fi (Fig. 5¢) (6)

substituting for Cnexin (3), the c.e.c. may be related
to the 12ZHy molecular ratios (R) in these systems

by

c.e.c. = (c.e.c.)R=0e-12B (7)

From (4) and (6), Mnex may be related to R by

Mmax = 72(AM/AC)mex X (Cmax)A=0C12* (8)

Mrmex falls in a very narrow range of micellar
molecular weights for all of the systems investigated
in spite of the fact that Cnexand (AM/AC)nexvary
considerably. This would indicate that M nex
represents a particular state of the system.

Charge Properties.—Figure 6 represents the
curves for p/m. vs. NaCl concentration where p is
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the number of monovalent charge sites on a micelle
and m is the micellar aggregation number. The
p/m values were derived from light scattering
data by the methods developed by Hermans and
Prins,7 and Mysels and Princen8 which were
modified by Anacker.9 This method was described

Hyamine 1622-lodine Complex Systems
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in a previous paper in this series.4 These curves
show the distinctive ionization properties of co-
acervating cationic soap systems. An initial rise in
ionization to a maximum is observed, followed by a
critical suppression of the ionization with in-
creasing NaCl concentration. The dotted curve
represents the ionization pattern of a typical non-
coacervating cationic micellar system, cetylpyri-
dinium chloride-NaCIl-H2,9 where the ionization
tends to rise to limiting p/m value of 0.26. The
latter system is one in which, on the average,
alternate polar heads on the micellar surface are
charged. A similar ionization pattern is observed
in the non-coacervating Hy-NaAc-H2D system.4

The initial rise in ionization at low NaCl con-
centrations may be accounted for in terms of
nearest neighbor charge site interactions typical of
polyelectrolytes. Theories related to this phenom-
enon have been developed by Oosowa.l0 The
effects of relatively small infusions of 12into Hy-
NaCl solutions upon the ionization properties of
these aqueous systems are twofold: the ionization
maximum is depressed and the ionization cor-
responding to (p/m)nex 2 is shifted to lower NacCl
oncentrations. If a p/m curve is superimposed
upon the corresponding differential curve (p/m) Irex
2 occurs at an NaCl concentration which is very
nearly coincident with (7mex previously described.
Crex may be related to (p/rn)nmex by

Cmex = 0.16 In Qmax/18 (Fig. 5a) 9)

o

where Q = p/m, and from (6) Qnex is related to
the (12ZHy) molecular ratio (R) by

max = 18e6.2«W )s-0-12B (10)

and from (3) and (9) the c.e.c. is related to Qmex by

0.72 In Qmex/18 (112)

Although two growth processes in these micellar
systems as a function of NaCl concentrations may
be clearly distinguished, the first, at low NaCl
concentration, and the second at higher NaCl
concentrations, these growth processes are not
independent of each other. The ability to predict
the c.e.c. from the rates of growth in the initial
growth process and the initial charge properties
would indicate that these are coupled consecutive
processes. The second growth process occurs
only after the first process has attained some state
of completion.

c.ec. =

Conclusions

A detailed investigation of micellar growth in
the homogeneous phase of a seriesof Hy-12complex-
NaCIl-H2D cationic soap systems shows two distinct
consecutive micellar growth processes. A micellar
model which is consistent with these observations
of this soap system is the following. Initially, at
soap concentrations in excess of the critical micelle
concentration, the micelle is a relatively loose
isotropic structure. Debyell and Ooshikal2 have
developed expressions for the energy per micelle

(7) L& Hermans and W. Prins, Konikl. Ned. Akad. Wetenschap.
Proc., B3Y, 162 (1956).

8) K. .J Mysels and L. I1. Prlncen

(9) E. W. Anacker, J. Phys. Crem,
(10) F. Oosowa, J. Polymer Sci.,

 Colloid Set,, 12, 504 (1957).
| 41 (1958).
23, 421 (1957).
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involving a coulombic term related to the repulsive
interactions of the charged polar heads of the soap
molecules in the micelle, and a van der Waals
term related to attractive interactions of the
hydrophobic tails of the soap molecules. The
Ooshika expression contains a third term which
takes into account the change in surface energy
with micelle formation

W = NIMWe + N'hWa+ NWm
where N is the micelle aggregation number and
We, Ws, and Wm are the coulombic, surface, and
van der Waals energies per soap monomer.

The major effect of electrolyte addition to a soap
system involves the coulombic term of this expres-
sion. The first small addition of NaCl to Hy soap
systems results in two effects which operate in
opposite directions, increased ionization and the
screening of intra-micellar adjacent charge sites by
the counterions added to the system. The latter
effect would seem to be more pronounced since
a small increase in micellar molecular weights
occurs with the first additions of electrolyte. In
the NaCl concentration range corresponding to
ionization suppression, the counter-ion screening
effects and the ionization suppression cooperatively
decrease the coulombic term. The net result here
is a relatively sharp micellar growth.

At the near plateau in the micelle molecular
weight-NaCl function, although further ionization
suppression is evident, micellar growth tapers off.
This may be interpreted as the approach to a
saturated isotropic structure. Light scattering,
viscosity, and self-diffusion data3 are consistent
with a spherical micellar model in this region of
NaCl concentration.

The effects of small infusions of 12in this system
support the argument that the micellar transition
discussed above is a disorder-order transition.
The limiting micellar molecular weights at the
micelle molecular weight plateau range from 4.8
X 104for the non-iodinated systems to 6.2 X 104
for the system in which the Hy/lI2molecular ratio
{R) is5 X 10-2

There are three possible sites on the Hy molecule
for attachment of the acidic 12 molecule, i.e.,
the phenyl group, the ether linkage, and the nitrogen
atom. lodine renders the cationic micelle pe-
riphery slightly more positive. This, in turn,
results in a small suppression of micellar ionization.
At any given point in the system, the lower the
micellar ionization, the more efficient will be the
packing of polar heads at the micellar periphery and
a larger number of polar heads may be accom-
modated in a given structure. As a result of the
lowered ionization with a higher 12concentration in
the system, a somewhat more highly ordered micelle
may be expected. This is reflected in the higher
micelle molecular weight and in the greater sharp-

(11) P. Debye, Ann. N. Y. Acad. Sci.,
Chem, 53, 1 (1949).

(12) Y. Ooshika, J. Colloid Sci., 9, 254 (1954); Y. Ooshika and Y.
Ikeda, Kolloid-Z., 145, 3 (1956).

51, 575 (1949); J. Phys.
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ness of the transition in the iodinated systems as
compared to the non-iodinated system.

The transitory persistence of the limiting iso-
tropic structure as a function of NaCl concentration
may be related to the residual intra-micellar coulom-
bic repulsive interactions in a narrow range of
NaCl concentration.

The discontinuities observed in the micellar
molecular weight curves resemble phase changes
and may be considered to be due to internal
micellar rearrangements to incipient non-spherical
structures. The sharp transition may be associated
with a critical suppression of the intra-micellar
coulombic field to the point where this coulombic
field no longer constrains the micelles to a sphere
or spheroidal structure. For NaCl concentrations
in excess of this second transition region the van
der Waals association forces modified by stearic
factors are the essential micellar shape-determining
forces.

The e.t.r. previously described4 represents the
electrolyte concentration range at which this
micellar transformation to a non-spherical struc-
ture becomes sufficiently pronounced to be de-
tected by the conventional experimental tech-
niques employed in these studies.

In a previous study of the Hyamine 1622-NaCl-
H2D system,3 it was noted that the temperature
properties of constant composition systems at
0.05 M NaCl concentrations are quite different from
the temperature properties of constant composition
systems at higher NaCl concentration. In a 2%
Hy solution in which the NaCl concentration was
0.05 M, a decrease in the temperature from 30 to
5° resulted in an increase in the micellar molecular
weight from 2.3 X 104to 1.1 X 106 In a2% Hy
solution in which the NaCl concentration was
0.145 M, the system was extremely temperature
sensitive in the same temperature interval; the
micellar molecular weight increased from 1.08
X 105to0 9.05 X 105 This difference in tempera-
ture sensitivity of a 0.05 M NaCl solution as
compared to a 0.145 M NacCl solution points up
the differences in the systems at NaCl concen-
trations corresponding to the two stages of micellar
growth.

Acknowledgment.—The authors wish to express
their appreciation for support provided by the
Department of Health, Education, and Welfare,
Public Health Service Grant No. A-2300 (C2).

SCUSSION tC ati

th? IressI ”ré|tf38 %e O#&Rg\{ceeo?men Or@@asrr}eyz) rat] n"g )
W e

00s ap unc ar%e

The o/ m ratio sdenved fromt ?mtermwellar
BO Iomb|c Interactions ?\lodm H een
P nd | 8 d10 npalr (l]I ﬁgn mhlr |cqt|0n
L Bl g s
fl Fe ?wp [ug C%glsre %edmthefa{e 'é

el ot it e Craee 1 el e



Oct., 1962

Adsorption-F locculation Reactions of a Polymer

1835

THE ADSORPTION-FLOCCULATION REACTIONS OF A POLYMER WITH
AN AQUEOUS COLLOIDAL DISPERSION

By Thomas w. Healy and Victor k. La Mer

Department of Chemistry, Columbia University, New York, N. Y.

Received March 5, 1962

o L s B S o i e s ST s B e
\r’nVIeﬁ?% N % §c |?on ):s écnbed n,t‘;ms ?d:ﬁe dnge t|o H“iraF e%fpﬂ e¥d nS erlp g% g%ﬁ]egrj erI rg|—93)
Is the ‘Pw% ?Héﬁﬁ \gg] (1? (Fﬁesol elqeuo ﬁte suald eru? 5
z]la% acryam|ean vatia Ies xa Were polymer concen raton polymer molecular weig a me of a

Introduction

The phenomenon of polymer flocculation can
best be analyzed in terms of: 1, the adsorption
process, and 2, the flocculation process.

The theoretical and experimental work on the
adsorption process, e.g.1-2 is at present of a pre-
liminary nature, particularly for the case of aqueous
systems. It seems probable that when a polymer
molecule concentrates at a solid-liquid interface,
only a fraction of the total segments per molecule
adsorb and cover surface sites. The remainder of
the molecule protrudes into the surrounding
medium as an extended segment.34 There is an
obvious simplification involved in this description,
since the polymer molecule is more or less coiled at
the interface, and contact between the polymer
molecule and the surface can be made at any num-
ber of points along the molecule. Nevertheless, the
description in terms of extended segments does al-
low us to explain much of the second topic above,
viz., the flocculation process, e.g.hfi.

Since the work of Smellie and La Mer on the
filtration of slimes flocculated with polymers78was
summarized,9little new work has been reported on
the mechanism of the flocculation process. In the
present paper we extend the work of Smellie and
La Mer8 to include certain important variables
previously held constant, viz., molecular weight of
the polymer and the conditions of agitation of the
suspension.

Theoretical

In their treatment of the adsorption process in
the flocculation of suspensions, Smellie and La Mer
proposed that the decrease in bulk concentration of
polymer due to adsorption is equal to the number of
solid surface sites covered, (eq. 2, ref. 8). This is
true only if every segment per polymer molecule
covers a surface site. As pointed out in the intro-
duction, it is probable that only a fraction of the
segments per molecule adsorb and cover surface

(1) R. Simha, H. L. Frisch, and F. R. Eirich, J. Phys. Chem, 57, 584
(1953).

(2) R. Perkel and R. Ullman, J. Polyrrer set., 54, 127 (1961).

(3) S. Ellerstein and R. Ullman, ibid., 56, 123 (1961).

(4) B.J. Fontana and J. R. Thomas, J. Phys. Chem, 65, 480 (1961).

(5) W. F. Linke and R. B. Booth, Trarne. AIME, 217, 364 (1960).

(6) T. W. Healy, J. Colloid ci., 16, 609 (1961).

(7) V. K. La Mer, R. H. Smellie, Jr., and P. K. Lee, ibid.,, 12, 230
(1957).

(8) R. H. Smellie, Jr., and V. K. La Mer, ibid., 13, 589 (1958).

(9) V. K. La Mer and R. H. Smellie, Jr., “Proc. 2nd. International
Conference," Geneva, 1958, p. 178; see also Clays Clay Minerals, 9,
295 (1962).

sites. For later purposes, it is necessary to include
the parameter f3in deriving the filtration equations,
where ft is the number of segments that adsorb per
molecule of polymer.

Suppose (PO — P) moles of polymer concentrate
at the interface, where PO is the initial or added
concentration of polymer, and P is the residual
polymer concentration in solution after adsorption.
Then (PO — P)N molecules concentrate at the
interface, where N is Avogadro’s number. Since
each polymer has r segments, then (PO — P)Nt
segments concentrate at the interface. If a
fraction 0/ £ absorb and cover surface sites, then

IS0~ P)Nr number of surface sites covered
T
ie.,
R(Po - P)N .
5o = 8 = fraction of surface covered

where s is the number of sites/unit area of surface,
and Dis the surface area of solid.

Note that it has been assumed that a surface
site is equal in area to a polymer segment (see e.g.,
ref. 1).

Rearranging

@

where

Equation 1 above may be compared to eq. 2 of
Smellie and La Mer.8 The subsequent equations
of ref. 8 may then be modified to include

For example, eq. 21, ref. 8 becomes

(Q -Qo)vi = Am + BmP® )
where
1 + bfe/R)fs
Am BV~ (3)
bl/

Bm ~ ° (1 + bk/R)>u “
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where C is a constant. Similarly by setting dQ/
dP0= 0, atPg= Pmasinref. 8

m©« p (5)
(1 + bksRr)2
b ©)

Experimental
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Results

The curves for filtration rate vs. concentration
of polymer were of the same type previously ob-
served,7a typical set being shown in Fig. 1. These
curves may be characterized by Qm the maximum
filtration rate for a given set of conditions, and Pm
the concentration of polymer to attain that
maximum filtration rate. Both Om and Pm
change with the following variables: molecular
weight of the polymer (M), time of agitation (f),
intensity of agitation (A), and the surface area of
the solids (SO.

In this discussion we restrict ourselves to a con-
sideration of the effect of molecular weight and time
of agitation. The effect of surface area has been
well discussed.1l Intensity of agitation is an im-
portant variable, but one that is difficult to specify
precisely. It should be referred to the shear stress
at the site or sites of polymer-solid contact. It
has been suggested6that for a polymer molecule to
remain attached at the surface, a critical number of
polymer segments must be adsorbed, and the ex-
tent to which this is achieved depends on the shear-
ing forces at the solid-liquid interface. In gen-
eral, for a given initial or added concentration of
polymer, the amount adsorbed after a given time
decreases as the intensity of agitation increases.6

The variation of P m the optimum concentration
of polymer, with molecular weight and time of
agitation is shown in Table I. In Fig. 2 the value
of Qm is plotted as a function of the molecular
weight for three times of agitation. It is obvious
from these results that the variation of Pmand Qm
with M is a complex process. It is thought
that a more meaningful analysis of the data can be
obtained from eq. 2 and 3. The applicability of
these equations is shown in Fig. 3 where the quan-
tity Po/2(Q — Qo)vs is plotted as a function of

(10) V. K. La Mer and R. H. Smellie, Jr., ./. Colloid ci., 11, 710
(1956) .

(11) V. K. La Mer, R. H. Smellie, Jr., and P. K. Lee, ibid, 12, 566
(1957) .
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Po, for four values of M and at a fixed time of agita-
tion. Similar sets of curves are obtained at other
times of agitation. The values of the intercept
Am of eq. 4 are listed in Table I1.

Table |

Variation op Pm with Molecular Weight and Time of

Agitation
Moo 1(min.)----—-
(X 10-«) 2 5 ”
05 100 66 160
1.0 2o 31
3.0 4.7 : !
3 3
Table Il
Variation of AMwith Molecular Weight and Time of

Agitation

X (IY(I)—») 2 7 1(%““’]) ---------- 0

0.5 3.9 3.4 50

1.0 58 s o

3.0 1.5 10 T

5.3 0.4 0.3 0.4

Preliminary adsorption measurements for this
present system2have provided the following infor-
mation. (1) Adsorption follows the Langmuir
relationship. (2) The b value of the Langmuir
equation decreases with increase in molecular
weight (M) of the polymer and with increasing
time of agitation (t). (3) The adsorption meas-
urements were not sufficiently accurate to check
the change in 3with change in M and t. However,
these changes in /3 were generally small compared
to the change in b.

Discussion

Effect of Polymer Concentration.—-The optimum
effect shown in Fig. 1 has been considered by sev-
eral workers and is best understood in terms of a
model of polymer flocculation involving “bridging”
between adjacent solid particles by extended poly-
mer segments. As a first approximation the
bridging hypothesis has proved useful. In brief, it
is postulated that the degree of flocculation (as
measured by the filtration rate in this paper) at

(12) L. Jankovics, Ph.D. Dissertation, Columbia University, 1961.
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any particular concentration of polymer depends
on: (a) the length and number of extended seg-
ments, and (b) the available surface onto which
extended segments can bridge.

As polymer adsorbs, the number of extended
segments increases, but at the same time the free
surface area is decreasing. In terms of the param-
eters r, the total segments per polymer molecule,
and j3 the number that adsorb and cover surface
sites, it is further proposed that as more and more
polymer is adsorbed, each incoming molecule finds
progressively less and less surface onto which it
can attach; i.e., as POincreases, for a given molec-
ular weight, j3 will decrease to a constant value
determined by the conditions of agitation. The
constant value may be thought of as that critical
number of segments per molecule that must be
attached, under a given condition of shear, for the
polymer molecule to stay adsorbed.6

Effect of Molecular Weight.—The Qm — M be-
havior of Fig. 2 may also be a result of two com-
peting processes. From the data of Jankovics,2
b decreases with increasing molecular weight. As
a first approximation, and by analogy to the Lang-
muir treatment, b is proportional to the ratio of the
forward to reverse reaction rate constants for ad-
sorption. For the present system, high molecular
weight polymer reacts less extensively with the sur-
face than does low molecular weight polymer. On
the other hand, since 3 is changing only slightly,
(r — /8) must be increasing rapidly with increase in
M. The situation described previously as “steric”
stabilization may thus result.l3 The extended
segments in the case of the high molecular weight
polymers may reduce the distance of closest ap-
proach between adjacent particles to an extent
where their thermal energy may be in excess of
their negative potential energy.4

The maximum in Qmwith increasing M, Fig. 2,
can be described in terms of an increase in (r — /3,
which at first favors bridging (Qm increases), but
which at high M leads to “steric” stabilization and
consequently a decrease in Qm

Effect of Time of Agitation.—Consider a floe
linked together by polymer bridges. It has been
suggested that with prolonged time of agitation ex-
tended segments can curl back, adsorb on solid sites,
and cause a contraction of the floe (contraction).
Due to the reduction in bridge lengths in this
process, the floe is less resistant to shear and will
begin to break up. At the break-up of floes, new
surface is exposed, allowing further adsorption of
polymer (redispersion). A third effect of time may
be termed a redistribution reaction. Upon addi-
tion of the initial polymer solution to the dis-
persion, there may be regions of local excess con-
centration. Improved flocculation will result from
distributing these local excesses.

The redistribution, contraction, and redispersion
reactions, as defined above, may be thought to
have the following independent effects.

1 Redistribution:
increase in (Q —
formation.

(13) W. Heller and T. L. Pugh, J. Chem Phys., 24, 1107 (1956).
(14) W. Heller and T. L. Pugh, J. Polymer Sci., 47, 203 (1960).

Qo) due to more efficient floe

No change in bor 3but an
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2. Contraction: Increase in band j3 decrease in
(r — /3) and hence decrease in floe size and filtration
rate. The increase in b also reduces bridging.

3. Redispersion: Increase in b, probably no
change in 3 As more surface is covered (Q — Qo)
will decrease.

The appearance of an optimum time of agitation
can be understood in terms of these reactions.
With prolonged time of agitation, contraction fol-
lows redistribution, and redispersion then follows
contraction, so that Qm first increases, passes
through a maximum determined by the molecular
weight and the intensity of agitation, and then
finally decreases.

The variation of filtration rate with PO, M, and t
is thus a three-dimensional surface with sections
of the form of Fig. 2, the maximum filtration rate
and hence the maximum flocculation for the system
being determined by PO M, and t, or formally:
maximum in (Q — QO for the system occurs at Po
= PmforM - Mopandt = f(p

In view of the complex nature of polymer ad-
sorption-flocculation phenomena, it is felt that a
more meaningful approach can be found by the
use of eq. 2 (see Fig. 3). Sets of data in the form
of Fig. 3 have been reproduced and except for the
low concentration region, the equation has been
found to have wide applicability.

Variation of Pm with M and t—The effect of
change in molecular weight and time of agitation
on the optimum concentration of polymer is con-
siderable. In eqg. 6

since 6 decreases with increase in molecular
weight,12 the numerator of the equation must de-
crease to a greater extent than b decreases with
increase in molecular weight. This may be con-
trolled by both b and {3in the numerator, and to ex-
plain the Pm — M dependence d/3/dM must be
positive. It is probable that the factors of redis-
tribution, contraction, and redispersion affect Pm
in much the same way as they affect (Q — QO.

Further analysis of Pmin terms of b, /3 and (t — {3
is in progress.

Concluding Remarks

It has been inferred that b is related to the ratio
of rate constants for adsorption of polymer. At
present this is an oversimplification, for it is not
certain which reaction of polymer at the interface
is described by this ratio. This question has been
examined recently by Peterson and Kwei,155 who
like several other groups of workers found agree-
ment of experiment with the Langmuir equation for
polymer adsorption. Nevertheless, b can be
thought of in terms of an extent of adsorption of
polymer at the solid-liquid interface.

We have endeavored to point out that the ad-
sorption reaction parameter, b, the number of seg-
ments adsorbed per polymer molecule /?, and the
number of extended segments per adsorbed mole-
cule (r — /9 are the controlling factors in determin-

(15) C. Peterson and T. K. Kwei, J. Phya. Chem, 65, 1330 (1961).
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ing the adsorption-flocculation behavior for poly-
mer-solid systems when PQ M, t, and A are varied.
The problem is complicated by the fact that ad-
sorption and flocculation techniques do not yet
yield accurate data. This is particularly so for the
adsorption determinations.
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Introduction

It is now generally agreed that the properties of
dilute soap solutions, at concentrations not too far
removed from the critical micellar concentration
(c.m.c.) may be interpreted in terms of the spheri-
cal micelle proposed by Hartley.1 The interior of
these micelles approximates to the random distri-
bution state of a liquid paraffin, while at their
surface the hydrophilic end groups are constrained
to remain in contact with the surrounding water.

To date, no investigation of the effect of pressure
on the micelle-forming properties of soap solutions
has been published in the literature. This is
unfortunate for, apart from the intrinsic value of
knowing the effect of pressure on the behavior of
soap solutions, information about the factors
affecting micelle formation and the structure of
the micelles themselves may be gained by the
introduction of pressure as a variable. In the
present work our aim has been to determine the
pressure-dependence of the c.m.c., to deduce from
this the partial molar volume change in micelle
formation, and to discuss the results in terms of the
structure of the micelles.

Owing to the ease and accuracy of measurement,
electrical conductance has been one of the most
widely investigated properties of soap solutions.
It has proved particularly convenient in studying
the effect of temperature on micelle formation2
and its measurement under high pressure, using
the apparatus described below, involves no real
difficulties.
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Table I

Speuflc conductances X 102 (ohm 1cm 9
500 a 1000 atm. atm

Concn. (molal) 1atm. 3000 atm.
(a) Octyltnmethylammomum bromide (25°)

0.1052 0.780 0.796 0.805 0.808 0.784
1234 0.886 0.904 0.915 0.917 0.885
1473 1011 1.034 1.041 1.043 1.009
1754 1.154 1.174 1.184 1.184 1.143
2048 1.294 1.314 1.326 1.325 1.275
2443 1.481 1.502 1512 1.508 1447
2154 1.597 1.616 1.626 1.621 1.552
3072 1.685 1.708 1.716 1.697 1.628
346 1.825 1.849 1.852 1.843 1.732

(b) Decyltrimethylammonium bromide (25°)

0.02048 0.1845 0.1892 0.1916 0.1925 0.1877
03167 2192 2815 2858 2869 2790
04105 47 356 3605 362 3915
06402 913 225 932 484
08151 (T 601 606 600 220
09884 020 044 051 042 269
1221 077 701 710 700 016

Cm.c. (molal)  0.0646 0.0670 0.0670 0.0650 0.0556

Concn. X 10* (molal) Llatm 500 S Condeta e e O™ MR atm 3000 atm
© Dodecyltrlmethylammomum bromide (25°)

0.901 0.861 0.8681 0.897 0.901 0.880

0.998 0.946 0.969 0.984 0.991 0.966

1.205 1.121 1.156 1.174 1.179 1.150

1.793 1.492 1.572 1.59 1.568 1.335

1.902 1.518 1.60 1.627 1599 1.361

2.105 1572 1.659 1.683 1.654 1411

Cm.c. (molal)  0.01564 0.0161 0.01616 0.0156 0.01272

(d) Dodecyltrimethylammonium bromide + phenol (0.1 molal) (25°)

0.3029 0.285 0.294 0.299 0.302 0.298
3032 329 338 344 348 340
4030 375 386 392 3% 375
2028 443 469 477 475 419
1007 224 996 969 264 204
9015 299 032 047 044

1.099 071 105 124 120 659

1.297 141 178 1% 1% 135

Cmc. (molal) 0462 X 10> 0500 X 10-2 0503 X 10-2 0488 X IQ-2 0.388 X 1Q--

ason cooling wa I‘fl‘ at_was C| CUlate the c.m.c. (0.224 MB was too small to permit
[ﬁ %J ac? E f% nt 0 d§ 0IC€? reliable estir(nation oflzhe c.m.c. P
3 0 ter an er curren ; ; . .
dE ab rmer. thé The detailed results, which are given in Table I,
ure ofmheq:)aﬂw COU e COﬂ ro (HO to.01". show that the c.m.c. vs. pressure curve passes

Results and Discussion

The conductivities of the following soaps have
been determined at varying pressures and concen-
trations: (a) dodecyltrimethylammonium bro-
mide, (b) decyltrimethylammonium bromide, (c)
octyltrimethylammonium bromide, (d) dodecyl-
trimethylammonium bromide in the presence of
0.1 molal phenol.

The c.m.c.’s were determined by plotting specific
conductance against soap concentration. Of
several plots examined, this was found the most
satisfactory since, in general, two nearly linear
branches are obtained with slopes sufficiently
different to afford an accurate estimate of the
c.m.c. as the point of intersection. However, in
the case of the octyl soap, the change in slope at

through a maximum at ca. 750 atm., and that this
curve is similar in shape with all the systems
studied. The c.m.c.’s were also calculated in
molar units, by making the assumption that the
compressibility of the dilute solutions used equaled
that of pure water, and by using the data of
Bridgman.6 This somewhat increases the initial
slope of the curve and the maximum is shifted to
ca. 1000 atm. but the general shape is unchanged.
If we consider the equilibrium

soap molecule in solution * - soap molecule in micelle

we may write for the chemical potential of the non-
micellar soap

(5) H. J. S. Trap and J. J. Hermans, Konikl. Ned. Akad Wketen-
schap., B59, 298 (1956). )

(6) P. W. Bridgman, Proc» Am Acad* Mirfs and Sci., 48, 338 (1912-
1913).
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M= MO+ RT Inaa

and for the micellar soap
Mn= M+ RT In
If true equilibrium exists between the two species
Mn~ /s
We have, therefore
Aw = yinf — w0 = RT In msys — RT Inam

where maand ysare the molality and corresponding
activity coefficient of the non-micellar soap.
Introducing the expression

If we make the assumption that the activity of the
soap molecule in the micelle is constant and that
the process of micelle formation can be approxi-
mated to a phase change, the last term disappears.
Further, assuming that the change in the activity
coefficient of the single soap molecules with pres-
sure can be neglected, we arrive at the expression

AF° = RT
\Op

In equation 1 a F° is the partial molar volume
change involved in the formation of micelles from
single soap molecules in their standard state.
Moreover, if we make the usual assumption that
the concentration of single soap molecules becomes
constant and equal to the c.m.c. once micelles
start to form, ms becomes identified with the c.m.c.

Equation 1 thus affords a method of determining
the partial molar volume change in micelle forma-
tion from the pressure dependence of the c.m.c.
Although the above relationships were derived
for non-ionic soaps, similar results are obtained
for uni-univalent colloidal electrolytes. _For do-
decyltrimethylammonium bromide AF° varies
from +2.3 cc. at 1 atm. to —4.5 cc. at 3000 atm.,
the change of sign occurring at ca. 750 atm.

The positive AID at atmospheric pressure has
been explained7 as follows: The paraffin chains
of the single soap molecules possess a high hydro-
carbon-water interfacial energy and as a result
are under a high compressive force tending to
reduce the surface area. Upon aggregation, when
the hydrocarbon-water contact area is almost
completely eliminated, the chains are more free to
expand, so that a F° increases.

The micelles having necessarily a fairly “open”
structure will no doubt have a high compressibility
relative to the molecularly dispersed soap whose
volume should decrease only slightly under pressure.

In via) . 1)

(7) A. E. Alexander and P. Johnson, “Colloid Science/’ Oxford,

1949, p. 638.
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Thus a decrease in AF° with increasing pressure
could reasonably be expected.

No density data is available for the systems
studied here, so that AF° at 1 atm. is not known.
Such data is, however, available for n-dodecyl
sodium sulfate, dodecyl sulfonic acid, potassium
octoate, and potassium laurate, giving values for
AF° of approximately 12, 12, 11, and 13.5 cc. per
mole, respectively. These are seen to be substan-
tially greater than the values of AF° found here at
1 atm. on the assumptions made in the derivation
of equation 1.

However, in the derivation of AF° in equation 1
it was assumed that the micelles could be approxi-
mated to a separate phase and it is probably the
inaccuracy of this assumption which leads to the
surprising observation that at pressures above 750
atm., AF° becomes negative. Hutchinson and
co-workers8have discussed the question of regard-
ing the micelles as a pseudo-phase and point out
that although a number of the properties of soap
solutions may be treated in this way, certain
results, e.g., the depression of the c.m.c. by added
salts, must be regarded as surface effects.

An alternative approach is to apply the law of
mass action to the single soap ion-micelle equi-
librium

NR+ + (A -

Z)Br-n M z+

The micelle (M) of net charge Z is formed from N
long-chain quaternary ammonium ions and (N - Z)
bromide ions. The calculation of the equilibrium
constant Km from which the standard free energy
change AG° can be found, has been performed by
Phillips,9who found

AG° = RT "2 —g/N — ~ Incm.c........ 2

In equation 2, g, the effective charge on the micelle,
may be calculated from light-scattering data.0 Al-
so since

(dG/dp)Trtny.. = V

AF° = RT 1f2- g/N - M hicm.c.\
\Y NJ

) Tmm
(3)

Equation 3 shows that AF° depends not only on
the pressure-dependence of the c.m.c. but also on
the effect of pressure on the charge and size of the
micelles. Unfortunately, no data on the latter
effect is available at present. It should be noted
that when the micelles become infinitely large
(I/N -“m0) and complete ionization occurs (q-*m N)
at all pressures, the terms involving q and N
vanish. Under these conditions the phase separa-
tion and mass action approaches yield the same
result.

Of the factors affecting micelle formation the
two probably influenced most by the application
of pressure are: (@) the hydrocarbon-water inter-

(8 E. Hutchinson, A. Inaba, and L. G. Bailey, Z. physik. Crem
(Frankfurt), 5, 344 (1955).

(9) J. Phillips, Trans. Faraday Soc., 51, 561 (1955).
(10) K. J. Mysels, J. Phya. Chem, 58, 303 (1954).
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facial energy and (b) the electrical work required
to bring the charged heads of the soap ions together.

With regard to the former, we would expect
that an increase in interfacial tension would de-
crease (i.e., make more negative) the free energy of
micelle formation and lead to a decrease in the
c.m.c. Of the limited data available, Michaels
and Hauser1l have measured the interfacial tension
between n-dccane and water at elevated tempera-
tures and pressures up to 700 atm. At room
temperature there is a slight increase in 7 followed
by a decrease at pressures over 500 atm. The
effect of this alone would be the reverse of that
actually observed—i.e., a minimum in the c.m.c.
vs. pressure curve would be obtained.

The electrical work performed in bringing the
ionic heads together depends directly on the di-
electric constant of the medium. Scaifel2 has
found a steady increase in the dielectric constant of
water at 20° up to 6000 atm. and at 3000 atm. it
has increased by about 14%. Now, an increase in
dielectric constant means that the coulombic re-
pulsive forces between the ionic parts of the soap
ions are reduced. Micelle formation occurs there-
fore with greater ease and the c.m.c. is depressed.

In conclusion, we may offer a tentative explana-
tion of the changes in the c.m.c. with pressure
as follows. Initially there is a rise in the c.m.c.
owing to the positive sign of the volume change
involved in the formation of micelles from single
molecules. This may arise from the expansion of
the soap ion in the micelle as a result of the loss of
hydrocarbon-water interfacial energy as suggested
above, or it may be due to decreased solvation in the
micellar state as a result of the proximity of the
ionic heads and the subsequent incomplete orienta-
tion of the surrounding water of solvation. Both
explanations seem reasonable. The decrease in the
slope of the c.m.c. vs. pressure curve with pressure
is explained by two effects—the decrease in AF°
as a result of the higher compressibility of the
micelles and the increase in the dielectric constant of
water, resulting in the micelles forming at lower
concentrations. The negative slope of the curve
above 750 atm. is ascribed to the predominance of
the latter effect. On available data any change of

(11) A. S. Michaels and E. A. Hauser, J. Phys. Chem, 55, 408 (1951).
(12) B. K. P. Scaife, Proc. Phys. Soc. (London), B68, 790 (1955).

R. F. Ttjddenham and A. E. Alexander

Vol. @&

the interfacial tension between the hydrocarbon
part of the soap molecule and water would appear
unlikely to affect the c.m.c. markedly.
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Introduction

Micellar equilibria have been studied primarily
in aqueous solutions of ionized detergents such as
the sodium alkyl sulfates, where the effect of con-
centrationl or added salt2 has been explained by
use of the mass law equations. Hutchinson
proposed that in these systems the micelles may
be treated better as a separate phase in equilibrium
with molecularly dispersed solute having a chemical
potential independent of the amount of micelle
phase present.3

Micelles in non-agueous media are hardly
representative of all micelles, but it is certainly of
interest to see whether these equilibrate by mass
law equations or as a separate phase. Several
investigators have reported on the properties of
these micelles4-10 in which the polar “heads”
form the center of the micelle and the hydrocarbon
“tails” are in contact with the solvent.

Theory.— If micelles are a separate but soluble
phase in equilibrium with a saturated molecular
solution, the chemical potential of the latter must
remain constant no matter how much solute is in
the micellar phase. Any measure of the chemical
potential of the solute could be used to determine
whether it is changed by changing ratios of micellar
to molecular dissolved phase. Interfacial tensions
between the decane solutions of CaDNNS and 1
M aqueous Ca(N032have been used in this study.

If CaDNNS associates in «-decane to form ri-
mers according to the mass law principle

«CaDNNS (CaDNNS),,

[(CaDNNS)J fm
m [CaDNNS]* X /n U

where/ is the activity coefficient of the molecularly
dispersed sulfonate and /m is the activity coeffi-

* Sprague Electric Co., North Adams, Mass.

(1) K. Durham, “Surface Activity and Detergency,” The Macmillan
Co., London, 1961, Chapter 2.

(2 M. L. Corrin and W. D. Harkins, J. Am. Chem Soc., 69, 683
(1947).

(3) E. Hutchinson, A. Inaba, and L. G. Bailey, Z physik. Chem, 5,
344 (1955); E. Hutchinson and K. Shinoda, J. Phys. Chem, 66, 577
(1962).

(4) S. M. Nelson and R. C. Pink, J. Chem Soc., 1744 (1952).

(5) M. B. Mathews and E. Hirschhorn, J. Colloid Sci., 8, 86 (1953).

(6) C. R. Singleterry, J. Am. Gil Chemists' Soc., 32, 446 (1955).

(7) M. van der Waarden, J. Colloid Sci., 5, 448 (1950).

(8) J. G. Honig and C. R. Singleterry, J. Phys. Chem, 58, 201
(1954) .

(9) S. Kaufman and C. R. Singleterry, J. Colloid Sci., 10, 139
(1955) .

(10) S. Kaufman and C. R. Singleterry, ibid., 12, 465 (1957).
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cient of the micelles. When [(CaDNNS)*] >>
[CaDNNS], the total concentration C is negligibly
different than [(CaDNNS)*]. Then

din [CaDNNS]/ = -

«

din Cfm 2

The interfacial tension between the decane solution
and the 1 M Ca(N032is governed by the Gibbs
absorption equation

dyow = -2MT
d log [CaDNNS]/ A 1

where yow is the interfacial tension and A the
area per molecule in this iiterfacial film. Combi-
nation of equations 2 and c¢ gives
dyow = ~2.3kT
d log Cfa nA
for the change of yowwith C well above the critical

concentration for micelle formation if the mass
law is valid.
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Experimental Results

Table 1 shows the sedimentation coefficients
which extrapolate to sO= 2.54 + 0.07 X 10_1S sec.
for dry systems; larger values were obtained in
the presence of moisture. The partial specific
volume of CaDNNS in w-decane at 25° was 0.882
s ml./g. The intrinsic viscosity [77] is
0.0254 g./dl. or 0.0288 ml./dl. This corresponds to
an axial ratio of 1.9 if rod-shaped and 2.1 if disk-
shaped.2 From these values the ratio of the
frictional coefficient to the frictional coefficient of
non-solvated spheres f/f0is found to be 1.038 for
rods and 1.047 for disks.13 These values of sOand
f/fo give the gram-micellar weight M as 11,000 +
300. This corresponds to an average of 11.8

Table |

Sedimentation and D iffusion Coeffi%ients for Ca'

S in wDecane at

Concn,, s, D,
g./l. sec. (X 101¥F cm.Vsec. (X 103
20 2.07
10 2.36, 2.26
9 117
1 1.15
5 2,35, 245 1.16
3 121
1 132
0.01 247

+ 0.3 molecules/micelle. The diffusion coefficients
shown in Table | extrapolate at infinite dilution to
D0 = 1.43 X 10~ which together with the value
of sOgives M = 12,240 + 400; this corresponds to
13.1 + 0.4 molecules/micelle. A proposed struc-
ture for a 12-molecule micelle with axial ratio 1.8 is
shown in Fig. 1. This aggregation number is
definitely larger than the 5 reported previously in
fluorescence depolarization measurements of Rho-
damine B solubilized by CaDNNS in benzene.8 It
was suspected that this dye may have reduced the
aggregation number because of interaction with
the polar groups, so some leuco-Rhodamine B was
added to a CaDNNS solution and centrifuged with
schlieren optics. It was found that the schlieren
peak sediments nearly twice as fast as the red color
of the relatively few micelles with solubilized dye;
the sedimentation coefficient for the latter was

1.6 X 10-13 sec. at a total concentration of 5 g./I.

of CaDNNS.

The equilibrium interfacial tensions of n-decane
solutions of CaDNNS versus 1 M Ca(N032 at
25° are shown in Table Il at concentrations from

(1D M. J schick, J. Polymer Sci., 25, 465 (1957).

(12) R. Simha, Proceedings International Congress Rheology, Am-
sterdam, 1948, Vol. II, p. 70.

(13) T. Svedberg and K. O. Pedersen,
ford Press, New York, N. Y,, 1940, p. 41,

“The Ultracentrifuge,” Ox-

Frederick M. Fowkes

Vol. 66

Fig. 1—A | of the. CAaDNNS micelle in agreemen

W|thgsed|men[ﬂPde ? dt \?IS%gslt Seasucreerr?enq % Vetﬁy}

groups 1n upper rg t lagram ar OWH as open circles
10“ 3to 10“6mole/l. The values at all concentra-

tions are 0.93 £ 0.09 dyne/cm., with no significant
concentration-dependence of interfacial tension.

Table Il
Equilibrium Interfacial Tensions of CaDNNS Solu-

tions in ©Decane at 25°

Concn., Interfacial tension, Av. + std. dev.,
moles/I. dynes/cm. dynes/cm.
[0-6 0.85,0.97,1.08,1.10 1.00 T 0.11
106 ;92970.99 093+ .06
10-4 83, 85, .95,1.00 91+ .08
TOs .59, .89 89

093 0.09

Discussion

If the mass law were to govern the equilibrium
between CaDNNS molecules and micelles the slope
of interfacial tension versus log ¢ would be as shown
in equation 4

d7ow
d log ¢/m

_ —2,3KT _
nA

-960 X 1Q-B
12 X 110 X 106

—0.73 dyne/cm.

The value of / mis nearly constant at all concentra-
tions as shown by the values in Table | of the
diffusion coefficient. If the mass law applied,
a 2.2 dynes/cm. fall of interfacial tension would
be found from 10-6 to 10~3 mole/1., 25 times the
standard deviation. Thus, the constancy of inter-
facial tension is strong evidence that these micelles
act as a separate soluble phase in equilibrium with a
saturated solution of CaDNNS molecules of very
low concentration (below 10~6mole/'l.).

Similar results have been obtained with NaDNNS
and NHADNNS solutions in n-decane.

Acknowledgment.— The interfacial tension meas-
urements are the result of the patience and pains-
taking care of S. Beckley. The help of S. J.
Rehfeld in measurements of sedimentation and dif-
fusion coefficients is gratefully acknowledged.
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Experimental Results9

The Esters of Oxalic Acid—The pressure-area
diagram of dimyristyl oxalate, when the monolayer
is spread from a 1 mg. per ml. benzene solution, is
reproducible within a range of a fourfold amount of
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material and a spreading area per molecule of about
140 sq. A. Yet, this monolayer is abnormal in that
its apparent limiting area is 19 sq. A. per molecule,
even though the molecule consists of two hydrocar-
bon chains with fourteen carbon atoms in each and
no collapse or transition is evidenced up to 34 dynes
per cm. of surface pressure.

The monolayer of this substance is concentration
dependent, as its characteristics, such as state and
limiting area, depend on the concentration of the
spreading solution. Monolayers spread from a 0.2
mg. per ml. solution show the presence of a liquid-
expanded state with a limiting area characteristic
for a two-chain molecule, and a transition into the
condensed state with a limiting area somewhat
smaller than the characteristic value. In mono-
layers spread from benzene solutions 0.5 and 1.0
mg. per ml., the expanded state apparently is ab-
sent and the limiting areas decrease with increase
in concentration of spreading solution.

() The surface potentials of the expanded state in-
crease on compression from about 175 to 275 mv. at
90 sq. A. per molecule, where, at a pressure of 1.1
dynes per cm., transition to the condensed state
sets in. The transition is accompanied by a con-
tinuous drop in potential to about 160 mv. at the
highest compression of 19 sq. A. per molecule.
The vertical component of the dipole moment cal-
culated from these potentials is the same for all
compressions in the expanded state, indicating con-
stancy of orientation of the polar group in the inter-
face of the liquid-expanded state. The orientation
giving a calculated value of 480 mD. for the vertical
component, which isin good agreement with the ex-
perimental value of 495 mD., is shown in Fig. la, b.
The moment was calculated from bond moments
given in Smyth'sDbook, using the formula

n
n — — (mi cos 35° — mi cos 21° + m8cos 70°)

where n is the number of ester groups in the mole-
cule, D is the dielectric constant of the medium as-
sumed to be equal to 7, mx m2 and m3are the bond
moments for C=0, C-O, and O-R, taken as 2.4,
0.74, and 1.14 D., respectively.

The continuous fall from 495 to 70 mD. of the
vertical moment in the condensed state shows that
on compression to areas less than 90 sq. A. per
molecule, the head-groups are subject to continuous
reorientation. X-Rayllanalysis of the structure of
dimethyl oxalate and Raman spectral?2 of oxalic
acid in solution and crystalline state show a trans
configuration in the crystal. This evidence, to-
gether with the above observations, leads us to be-
lieve that the reorientation in the condensed state

consists of a gradual rotation of the ester groups
g 0 gﬂ ent%t nt v ead Sn r% P i %Cea|a£) i with respect to each other, causing a greater and
\é )é alo ' ((]( 0 ? & j greater inclination to the vertical of the plane of the
lcetyl dp e{ il |w, c succmae S o
VIEW; ICE utarate.

C=0 group, and tending to a planar trans con-

(9  Supplementary diagrams have been deposited as Document figuration of least steric interference. The final
number 7154 with the ADI Auxiliary Publications Project, Photodupli-

cation Service, Library of Congress, Washington 25, D. C. A copy (10) C. P. Smyth, “Dielectric Behavior and Structure,” McGraw-
may be secured by eiting the document number and by remitting in Hill Book Co., New York, N. Y., 1955, p. 306.
advance $2.50 for photoprints or $1.75 for 35-mm. microfilm payable (11) M. W. Dougill and G. A. Jeffrey, Acta Cryst., 6, 831 (1953).

to: Chief, Photoduplication Service, Library of Congress. (12) L. Bourdet, J. Chem Phys., 60, 390 (1953).
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vertical component of the dipole moment is, most
likely, due to the moment of the O-R group which
is inclined to the vertical with an angle of about
80°. This, of course, does not mean that the chain
is not free to assume a more erect orientation, as
only the first CH2group adjacent to the ether oxy-
gen is involved.

The monolayers formed from the spreading solu-
tions of 0.5 and 1 mg. per ml., except in the region
larger than 90 sg. A., where they start with lower
values than for the expanded states, and where they
continuously increase on compression, the poten-
tials and vertical components of the dipole moments
parallel the changes in the orientation of the head-
groups in the condensed state. However, the values
of these quantities are considerably higher. The
potentials are about 75 mv. higher and the moments
about 50 mD. higher.

The absence of an expanded state and the values
of the moments in areas larger than 100 sq. A,
which are approximately equal to those in the con-
densed state at much smaller areas, lead us to the
conclusion that dimyristyl oxalate tends to form
dimers in the higher concentration spreading solu-
tions because, perhaps, of dipole-dipole inter-
action, and the aggregates being in the trans
configuration. This explains why the monolayers
formed from concentrated spreading solutions show
values for the limiting area which are about one-
half or some other fraction of the normal value.

Surface pressure-area and potential-area dia-
grams of dicetyl oxalate monolayers on 0.1 N HC1
and distilled water obtained from spreading solu-
tions of 1 mg. per ml. of benzene are similar in all
respects to the diagrams for dimyristyl oxalate ob-
tained from concentrated spreading solutions.
Monolayers obtained from dilute spreading solu-
tions show larger limiting areas, such as 38 sq. A.
in the case of a spreading solution of 0.2 mg. per ml.
These monolayers also depend on the quantity of
material spread, as similar limiting areas were also
obtained from a benzene solution 1 mg. per ml.,,
when the maximum spreading area was about 250
sq. A. per molecule. However, at high compression
they tend to go over into monolayers with low
limiting areas.

The surface potentials and vertical moments are
similar to those for the dimyristyl ester in the con-
densed state and the molecular orientations in the
film are very likely similar. From the value of the
moment in the region larger than 45 0. A. per
molecule, namely 125 mD., it follows that the orien-
tation of the O-R group is inclined about 67° to the
vertical.

The pressure-area diagrams for monocetyl oxa-
late indicate that monolayers of this substance on
0.01 N HC1 are dependent on the quantity of
material deposited and also on the concentration of
the spreading solution. At a maximum spreading
area of 51 sq. A. per molecule, a monolayer on 0.01
N HC1 gave a limiting area of 13 sq. A. per mole-
cule, while a monolayer with a maximum spreading
area Of 170 sq. A. gave a value of 20 sq. A. per
molecule. Monolayers formed from dilute solu-
tions, as for instance 0.2 mg. per ml., gave limiting
areas of about 26-28 sq. A. per molecule. The
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dipole moments were approximately equal to
those for the dicetyl oxalate.

The Esters of Malonic and Succinic Acids.—
The monolayers of dicetyl malonate on aqueous
0.01 N hydrochloric acid and on distilled water are
condensed films with normal limiting areas between
45.7 and 46.7 sq. A., and collapse pressures between
20 and 22 dynes per cm. The potentials rise on
compression from about 650 to 950 mv. on 0.01 N
hydrochloric acid, and from about 650 to 1050 mv.
on distilled water. The vertical components of the
dipole moments, on the other hand, drop from
about 800 mD. to a constant value of 710 for the
region of the condensed film extending from about
47 to 41 sg. A. per molecule, on the acid substrate.
On distilled water the vertical moment falls from
about 875 to 790omD. for the region extending
from 49 to 41 sq. A. per molecule. The calculated
value of the vertical moment on the basis of the
orientation shown in Fig. Ic is 900 mD. However,
the steric interference due to the proximity of the

(0]

two C = O groups would cause the planes of each
C=0 group to rotate with respect to each other
and around the carbon atom in the bridge, with the
effect that the groups would incline toward the
surface. Comparison of the measured values of the
vertical moment with the calculated indicates that
the angles of inclination of these groups toward the
surface are about 63 and 55° in the low and high
pressure regions, respectively, on the acid sub-
strate, and 75 and 59° in the corresponding regions
of the film on distilled water. The vertical compo-
nent of the dipole moment was calculated by means
of the formula

n
n = — (mi —m2cos 124° + m3cos 35° +

mi sin 35°) cos 6

where n, D, mi, m2 and m3have the same significance
as defined earlier, and where i is the C-C bond
moment and 6 is the angle of inclination of the
C =0 group toward the vertical.

The monolayers of monocetyl malonate have a
limiting area per molecule of 28 sq. A. on both the
acid and the distilled water substrates, and their
collapse pressure is about 24 dynes per cm. Their
potentials rise steeply on compression, from about
350 to 1000 mv. on the acid substrate, and from
about 550 to 950 mv. on distilled water. The
vertical components of the moments rise only
slightly from about 320 to 425 mD. on the acid sub-
strate, and fall slightly from about 475 to 425 mD.
on distilled water. The calculated value on the
basis of the orientation represented in Fig. Id is 432
mD. and the formula used for the calculations is

M= — (m3cos 70° — m2 + mxcos 56° —

WA cos 69° + ww*+ mi cos 55° + m2cos 69°)

The monolayers of dicetyl succinate are in the
condensed state, with limiting areas of 50.5 sg. A.
per molecule on the acid substrate and 48.8 sq. A.
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Table Il
Monolayer Properties
Pressure, dynes/cm.
. Monolayer Nﬁ' Tbo_lsc. %ogﬁ(/:gc'.’ MaxArea' s Iéi'r/nmmecu'eTrans. State Max. I%gls-e Trans.
Dimyristyl oxalate ~ 1.08-4.38 1.0 14 18 Condensed 34
Dimyristyl oxalate 125 o2 140 3 Condensed 17
Dimyristy| oxalate 125 - 140 100 Lig. expd. 11
Dimyristyl oxalate 1.25 5 140 3 Condensed
Dicetyl oxalate 3.76-9.33  0.5-1.0 oh 21 Condensed 36
Dicetyl oxalate 115 > 90 34 Condensed 34
Dicetyl oxalate 0.9 -1.12 2 280 43 condensed 14
Mondcetyl oxalate 170 10 170 20 condensed 17
Monocety| oxalate 601 1.0 ol 13 Condensed 10
Monocetyl oxalate 017 o2 350 20 condensed 10
Dicetyl malonate 346-5.28 10 ~70 46 Condensed 21
Moncocetyl malonate ~ 4.86-7.48 1.0 ~45 28 Condenseg 24
Dicetyl succinate 2.63-416 1.0 ~T5 ~50 Condensed 8
Dicetyl glutarate 20 025 13 ~43 Condensed 19
Dicetyl glutarate 2.0 25 138 100 85  Lig. expd,
Dicety glutarate 104 4o 269 135 Yap. expd ~4
Dicetyl adipate 508 5 92 3 Condensed 20
Dicetyl adipate 254 025020 159 43-48 Condensed 10
Dicetyl adipate 212 20 148 % 70 Lig. expd. "3
Dicetyl pimelate 247 25 15%  ~50 Condensed 9
Dicetyl pimelate 241 25 1% -120 90  Lig. expd. ~3

on distilled water.

Their collapse pressure is very

in the transition region.

A liquid-expanded film

much lower than for the malonate esters, namely
about 8 dynes per cm. Their potentials and ver-
tical moments are approximately equal to those of
the malonate esters; however, the orientation of the
molecules in the monolayer must be different, as
shown in Fig. le, f. At large areas per molecule,
the potentials are higher than for the malonates and
rise less steeply on compression until they reach
values comparable to those of the malonate. The
vertical moments remain nearly constant for the
whole range of areas. The vertical components of
the dipoles were calculated from the formula

7
n = —(micos 55° + m2cos 69° + m3cos 40° +

m4cos 20°)

where the terms have the same significance as
above. The value thus calculated is 785 mD. while
the measured values are 765 mD. on the acid sub-
strate and 850 mD. on distilled water. The dif-
ference can be accounted for by assuming different
tilting of the O-R group.

Dicetyl Glutarate— Monolayers of this sub-
stance obtained from spreading solutions of 0.5
and 1 mg. per ml. of solvent were not reproducible
in the region of low pressure, and had limiting areas
that varied with concentration of spreading solu-
tion. When spread from dilute solutions, the
monolayers showed the presence of the condensed,
liguid-expanded, and vapor-expanded states.

The limiting area of the condensed film is 43 sq.
A., and of the liquid-expanded about 100 sq. A.
The transition from liquid-expanded to vapor-
expanded takes place at a pressure of 4 dynes per
cm. and 135 sqg. A. per molecule. It was carefully
explored and resembles a three-dimensional van der
Waals isotherm below the critical temperature in
that it goes through a point of maximum pressure

obtained from a spreading solution of 0.1 mg. per
ml. of benzene is seemingly more stable than the
one obtained from a spreading solution of 0.25 mg.
per ml., as it withstands a higher pressure before
changing into the condensed state.

The head-group of this molecule is highly flexible,
insofar as the spacial arrangement of the various
sub-groups, and its orientation is greatly influenced
by pressure changes. The free orientation of the
head-group is shown in Fig. Ig. The vertical com-
ponent of its dipole moment calculated from the
formula

7
u = —(w3cos 15° —m2sin 35° + mi + mdsin 35°)

where the terms have the previously designated
meaning, is 1.188 D., while the measured value at
about 120 sq. A. is 1.2 D. This moment falls only
slightly on compression to about 70 sq. A. per
molecule, but fallscsteeply to 500 mD. at the limit-
ing area of 43 sq. A., and to 175 mD. at 27 sq. A.

Dicetyl Adipate.—The monolayers of this sub-
stance resemble the preceding ones. When ob-
tained from spreading solutions of benzene or
chloroform of concentrations of 0.25 mg. per ml.
and higher, the monolayers were not completely
spread and had limiting areas that were concen-
tration dependent. This is shown in Table II.
Monolayers spread from more dilute solutions
of either benzene or chloroform show the transition
from the condensed to the liquid-expanded state,
with a limiting area of the latter of about 95 sq.

It is to be noted that solutions of higher dilution are
required to obtain the liquid-expanded state than in
the case of dicetyl glutarate.

The head-groups of this molecule are bridged by
four CH2groups and seem less flexible than in the
glutarate ester for orientation in the surface with
the maximum vertical moment. The representation
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of its orientation is similar to that of the glutarate
ester, as shown in Fig. Ig, and its vertical compo-
nent of the moment is the same. The observed
moments are low for monolayers obtained from the
concentrated spreading solution; they are about
150 mD. from 90 to 31 sg. A. per molecule, and
from this limiting area to about 19 sg. A. the verti-
cal moment drops to 90 mD. The monolayers ob-
tained from less concentrated spreading solutions
possess higher moments, which continually de-
crease on compression until they reach a value of
275 mD. at the limiting area of 43 sq. A., and 190
mD. at an area of 31 sq. A. The monolayers
formed from solutions 0.2 mg. per ml. possess the
highest vertical component of the dipole, 1.1 D.,
which remains constant from 120 to about 70 sq. A.
per molecule. From the latter point, at which the
expanded state begins to change to the condensed,
the moment continually falls on compression, reach-
ing values of 650 mD. at the limiting area of 48 sq.

A., and 350 mD. at 31 sq. A.

Dicetyl Pimelate.—-This substance formed con-
densed and liquid-expanded monolayers, the char-
acteristic values of which, such as limiting area
and transition pressure, varied with each mono-
layer. However, the potentials and the vertical
components of the dipole moments were much more
reproducible. The characteristic values of one of
many surface pressure-area diagrams obtained are
given in Table Il. The correspondence between
the pressure-area and potential-area measurements
is good and the changes in the vertical moment in
the transition region are characteristically similar to
those of the two preceding members of the homolo-
gous series.

The head-groups of this molecule are even more
flexible than in dicetyl glutarate; however, the
orientation is the same. The maximum vertical
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moment measured, 1.210 D., is in good agreement
with the calculated value of 1.188 D.
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_ lhe formation of monolayers of pure fatty alcohols by spreading from the crystal and their behavior at the air-water
interface shows many interesting phenomena and is relevant to the use of hexadecanol for reducing evaporation from water
storages. These phenomena include spreading rates from crystals, losses of monolayer by evaporation and solution, equi-
librium spreading pressures over a range of temperature, the effect of the cr Iline phase of the alcohol and how this is in-
fluenced by the presence of water, and collapse phenomena when the film pressure exceeds the equilibrium spreading

pressure.

Introduction

The last decade has witnessed a considerable
resurgence of interest in the surface behavior of
alcohols, both the lower-chain (soluble) members
and the longer-chain homologs which form insoluble
monolayers on water. The behavior of the latter
is of considerable importance in relation to the
effect of monolayers upon diffusion of gases across
the air-water interface, particularly the evapora-
tion of water.

The use of cetyl alcohol (commercial hexadecanol)
as a practical means of reducing evaporation from
water storages involves a variety of phenomena,
such as spreading rates from crystals (and from
different faces of the same crystal), losses by
evaporation and solution, equilibrium spreading
pressures, the effect of the crystalline phase of the
alcohol and how this is influenced by the presence
of water, and collapse phenomena when the film
pressure (due to wind pressure or other causes)
exceeds the equilibrium spreading pressure. All
these phenomena are very sensitive to the purity
of the alcohol, and a knowledge of pure compounds
is essential for an understanding of the behavior of
the mixtures present in commercial cetyl alcohols.

The present paper seeks to survey existing knowl-
edge concerning the behavior of pure alcohols and
to point out where further investigation is par-
ticularly needed. Full details of the experimental
techniques and the composition of the alcohols
(as indicated by vapor phase chromatography) will
be found in earlier publications.12 It might be
pointed out here that the hexadecanol used by us
appeared to be particularly pure (at least 99.8%)
as judged by gas chromatography and surface
behavior.

One particularly interesting conclusion is the existence of hydrates of the fatty alcohols.

can be followed in various ways,4 thermal curves
being particularly convenient.

The presence of water has a marked effect on
these phase transformations6and also on the melt-
ing point of the alcohol. The melting point is
raised about 2° whereas the a-sub-a transition
temperature is lowered by about 10°. With hexa-
decanol the full lowering of the transition tempera-
ture requires only about one water molecule to
two alcohol molecules.2

These phenomena strongly point to the existence
of hydrates of the long-chain alcohols,6 although
none has been reported in the literature.7 This
conclusion receives support from the measurements
of equilibrium spreading pressures on water, as
discussed in section 5 below.

2. Loss of Alcohols by Evaporation and Solution
from Monolayers.—Many workers in the field of
insoluble monolayers on water have reported slow
losses with time,8-10 this usually being ascribed to
solution in the aqueous phase, although a later
theoretical analysis had suggested evaporation as
the cause.ll

In order to determine the cause in the fatty
alcohol series, the losses from monolayers of
tetradecanol, hexadecanol, and octadecanol (all
saturated) as well as oleyl alcohol (Ci8unsaturated)
have been quantitatively measured on water and
50% ammonium sulfate solution, over a range of
temperature.l The results show that only in the
case of oleyl alcohol is the loss appreciably reduced
by the strong salt solution and that, on water, the
temperature coefficient for oleyl is very much
smaller than for the saturated alcohols.

These results suggested that evaporation is the
chief cause of loss with the saturated alcohols,

1 Crystalline Phases of Alcohols and the In-Whereas with the unsaturated oleyl compound

fluence of Water.—Fatty alcohols with an even
number of carbon atoms exist in three crystalline
forms termed a, sub-a, and {33 The first two have
vertical chains thought to be rotating in the a and
non-rotating in the sub-a form; in the /3-form the
chains are inclined to the planes formed by their
ends. On cooling from the melt the a-form first
appears; this then transforms into the sub-a
and this in turn into the /3-form. Transformations

(1) J. IL Brooks and A. E. Alexander, “Proc. 3rd Intern. Congr. on
Surface Activity,” Cologne, 1960, Vol. 11, p. 196.

(2) J. H. Brooks and A. E. Alexander in ‘‘Retardation of Evapora-
tion by Monolayers,” Ed., V. K. La Mer, Academic Press, New York,
N. Y., 1962.

(3) D. G. Kolp and E. S. Lutton, J. Am Crew. Soc, 73, 5593
(1951).

solution is mainly responsible. This conclusion
was confirmed by a number of other experimental
studies, particularly the influence of a metal plate
placed in close proximity above the monolayer.
From the temperature coefficient of tetradecanol
(the one most suitable for accurate measurement)

(4) R. G. Vines and R. J Meakins, Australian J. Appl. Sci., 10,
190 (1959).

(5) F. H. C. Stewart, ibid, 11, 157 (1960).

(6) A. Trapeznikov, Acta Physicochim U.RS.S., 20, 589 (1945).

(7) H. H. Hatt, Rev. Pure and Applied Chew., 6, 153 (1956).

(8) N. K. Adam and J. W. Dyer, Proc. Roy. Soc. (London), Al06,
694 (1924).

(9) G. C. Nutting and W. D. Harkins, J. Am. Chem Soc., 61, 1180
(1939).

(10) F. Sebba and II. V. Briscoe, J. Chem Soc., 114 (1940).

(11) W. W. Mansfield, Australian J. Appl. Sci., 10, 73 (1959).
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the heat of vaporization from the monolayer was
estimated as 25 + 2 kcal. mole-1. This agrees
reasonably with the values calculated as follows:
(@) from the difference between the heat of vapori-
zation of the solid and its heat of spreading on
water, (b) from the energy to remove one OH group
from water and 14 CH2groups from a hydrocarbon
environment.

This study suggests that measurement of losses
from monolayers may be a means of measuring
heats of vaporization of high molecular weight
compounds unstable at elevated temperatures.

3. Collapse Phenomena in Alcohol Mono-
layers.—At film pressures above the equilibrium
spreading pressure (e.s.p.) of the most stable solid
form (in contact with water—see section | above)
the film is metastable and should tend to collapse.
Early work had indicated that establishment of
equilibrium from the film side was very slow,2
which is not surprising since one-half of the mole-
cules in the monolayer must undergo a reorienta-
tion of 180° before the polar groups can associate
in the solid phase.

Collapse can be followed most conveniently
under two conditions, namely, in the absence of,
or in the presence of, the stable crystal. Quanti-
tative measurements have been made with the
C14 Cie, and Ci8saturated alcohols.2

In the absence of the stable bulk phase (i.e.,
self-nucleated collapse) it is found that the spread-
ing pressure of the collapsed material depends on
the rate at which it has been formed, and that the
collapsed material always spreads much faster than
the stable crystal. Dust seems to play an impor-
tant part in the nucleation process. The collapsed
material ages at a moderate rate to the slow spread-
ing (stable) form.

With stable crystals on the surface and a mono-
layer held at a pressure several dynes above the
e.s.p., the alcohol does not deposit in the stable
form, since on increasing the area, the alcohol
respreads to a pressure above the e.s.p.

A great, deal more remains to be done in this
very interesting, although complex, field.

4. Kinetics of Spreading from the Crystal.—
As would be expected, the rate depends upon the
particular crystal face and upon the crystalline
phase of the alcohol.4613 In the case of hexa-
decanol the spreading rate per unit area of the
large parallel faces of the plate-like crystal is about
20 times that from the edge-faces. For the solidified
melt the rate approximates that for the parallel
faces.

For precise measurements over a range of tem-
perature it is convenient to use as spreading source
a glass rod or mica plate coated by immersion in
molten alcohol. The spreading rate increases
with temperature and a plot of log (spreading rate)
against I/T gave values for the activation energy
of the alcohols of 36 to 42 kcal./mole. For the
purest alcohol studied, hexadecanol, it was 42 +*
2 kcal./mole, a value close to that required to
remove a single molecule from the crystal to the
gaseous state.2

(12) N. K. Adam, “The Physics and Chemistry of Surfaces,”
ford, 1938.

(13) A. Roylance and T. G. Jones, J. Appl. Chem, 9, 621 (1959).
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With the Ch and Ch alcohols small but quite
definite discontinuities in the rate-T curves were
found. The temperatures of these discontinuities
are close to the values for the a-sub-a phase change
in the presence of water (see section 1, and Fig. 1)
and probably reflect the same transformation.

5. Equilibrium Spreading Pressures (E.s.p.)
and the Energetics of Spreading—From the
Clapeyron relation in the form

dne = Qs
dT  TA - Ao

the molar heat of spreading (Qs) may be found from
the temperature coefficient of the e.s.p. (dlle/dT),
the absolute temperature, T, and the molar areas
of the monolayer (A2 and crystal (AO-4 (A]j is
<< AZ2and can be neglected.)

The molar free energy of spreading AGs =
—ne(A2 — AO, and the molar enthalpy of spread-
ing AHS = Qs+ AGS.®6

In view of the knowledge acquired on such rele-
vant factors as phase changes, losses by evaporation
and solution, spreading rates, and collapse, as
outlined in sections 1-4 above, it became possible
to make accurate measurements of e.s.p. over a
range of temperature, and hence of the thermo-
dynamic quantities Qs, AGs, and AHS2

With the solid alcohols_(Ch, Ch, and CiO the
general form of the e.s.p-1 curve is as shown in
Fig. 1, consisting of three reasonably linear por-
tions AB, BC, and C'D. Point B corresponds to
the a—-sub-a transition point and point C to the
melting point in the presence of water (see section
1); the reason for the break at C' (about 1-2°
above C) is considered later.

On measuring the e.s.p. of a single sample with
first rising and then falling temperature, hysteresis
effects frequently were observed. These appear to
arise first from the time delay involved in the
transition between the a and sub-a forms; second
from slow changes in the composition of the spread-
ing surface of monolayer when the alcohol is not
completely pure. The addition of 1 mole % of the
Ch or Ch homologs markedly affected the behavior
of hexadecanol and such spreading experiments
appear to provide a very sensitive indicator of
purity. For example the octadecanol used in this

(14) A. Caryand E. K. Rideal, Proc. Roy. Soc. (London), A109, 301,

318, 331 (1925).
(15) G. E. Royd and J. Schubert, J. Phys. Chem, 61, 1271 (1957).
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work appeared from its spreading behavior to
contain impurities, whereas according to gas
chromatography it did not. Possibly the impurities
were not resolved under the conditions used in the
chromatograph. The marked discrepancies be-
tween our results for hexadecanol (the purest
compound available) and those found by other
workers,65 also can be ascribed to impurities.

The liquid oleyl alcohol showed only the C'D
region of Fig. 1, with no significant time effects.
Although the sample used contained impurities
(homologous alcohols) these do not have the same
influence as in spreading from the solid owing to
rapid diffusion within the lens.

The non-coincidence of the melting point of the
solid alcohol with the main change in slope of the
e.s.p. curve (i.e.,, C'D in Fig. 1) is very interesting,
and warrants further study. The existence of a
liquid crystalline hydrate in the region CC', as has
been suggested,6 could explain the shape of the
observed curves.

The molar heats, entropy, free energy, and
enthalpy changes for monolayer formation have
been calculated for tetradecanol, hexadecanol,
and oleyl alcohol.2

From these data it is possible to calculate the
heat change associated with the a-sub-a transition
(i.e., between AB and BC) and also that between
the liquid and a phases (i.e., between BC and C'D),
the latter being the heat of fusion. For hexa-
decanol the molar heat change for the a-sub-a
transition in the presence of water is thus 5.2 kcal.;
the corresponding value for the anhydrous system
does not appear to have been measured.

The heat of fusion of hexadecanol from the
e.s.p. data is 6.08 kcal./mole, whereas direct calori-
metric measurements at its melting point have
given avalue of 8.46 kcal./mole.16 It seems reason-
able to ascribe the difference to the formation of a
hydrate of the a-phase of solid hexadecanol (as
previously suggested in section 1). Assuming that
the liquid above point C' in the e.s.p. experiment is
the same as the liquid in the heat of fusion experi-
ment (i.e., no hydration, which seems very plausi-
ble), then the value for the heat of hydration of the
solid a-phase is 8.46 — 6.08 = 2.38 kcal./mole.
This value would seem quite reasonable for the
reaction

alcohol + H2D — > alcohol hydrate

in the light of current information on hydrogen
bond energies.

(16) G. S. Parks and R. D. Rowe, J. Ckem Phys., 14, 507 (1946).
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General Conclusions—Although the main fea-
tures associated with spreading and collapse
phenomena in the fatty alcohol series would seem
to have been established, there clearly remain many
gaps to be filled and certain tentative conclusions
require further confirmation.

The proposed alcohol hydrates need examining
by other techniques, such as X-ray diffraction or
n.m.r. spectroscopy.

When really pure tetradecanol and octadecanol
become available, accurate equilibrium spreading
pressure studies would be warranted; with the
inclusion of dodecanol, the pattern over the homol-
ogous series should then become apparent.

More attention should certainly be given to
nucleation and collapse, a very intriguing field in
relation to the formation of a three-dimensional
from a two-dimensional phase.

The possibility of using evaporation from mono-
layers to estimate heats of sublimation of other
high molecular weight compounds also warrants
further study.
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Introducti nd a.polonium-zxp ionizing air electro th valye
In a recent revievvn, Izallj;n:c;rr]ml has pointed out ?romet rwﬁug%ofr?]%?ns (n)gevsé{'re(r;% gulo %Ce O\{‘w? fS

that the interpretation of protein dénaturation
requires an examination of the interactions respon-
sible for maintaining the native configurations of
proteins and the effects of denaturing agents on
these interactions. The effects of hydrogen bonds,
salt linkages, disulfide bonds, and the aqueous
environment in which they normally exist are but
a few of the factors that determine the stability
of a particular protein configuration.

Although hydrogen bonding between the >C =0
and H—N< groups of the peptide linkage
is assumed to play a major role in the stability of
protein configuration, little is known about the in-
teraction between these groups in aqueous media.
This information cannot easily be obtained by the
normal methods of studying hydrogen bonding.
However, it does appear from earlier work2'4
that an application of monolayer techniques to
simple compounds containing the «-CO-NH—
link is helpful. Some related studies also have been
reported on the surface chemistry of poly-a-
amino acids5* 0 and of nylon-type polyamides of
different but related molecular structure.11 12

In this investigation, the monolayer behavior of
a long chain acetamide has been studied on solu-
tions believed to affect hydrogen bonds, particularly
salt solutions and urea.

Experimental
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Results and Discussion

It is convenient to subdivide the work into two
sections.

1 Calculation of the Keto-Imino Bond Energy
from the Behavior of Monolayers on 0.001 N
H2504—The condensed monolayers of oetadecyl
acetamide were found to exist in two forms with
a definite transition pressure, provided the temper-
ature was within a certain range. (See Fig. la
and Ib.) Where comparable, the results are in
good agreement with those of Adam and Dyer13
and Alexander.3 Above the transition point, the
monolayers were liquid with negligible surface
viscosity and a limiting area of 24.0 A.2Zmolecule;
below the transition point, the”™ were rigid solids

with a limiting area of 20.5 A.2Zmolecule. The
transition was indicated by the rapid increase in
the surface viscosity and a pronounced discontinuity
in the 11/ A curve (see Fig. Ib). The influence of
impurities on this discontinuity was analogous to
their effect on the melting of pure solids.

In the configurations suggested by Alexander,3
the low temperature form is stabilized by strong
cross hydrogen bonds (configuration 1), whereas
in the high temperature form (configuration II)
there is no possibility of intermolecular bonding
between the >C =0 and >N—H groups, thus ac-
counting for the liquid state and negligible surface
viscosity.

The influence of temperature on the transition
pressure (ntr) is shown in Fig. 2 for sub-solutions

(13)
(1924).

N. K. Adam and J. W. Dyer, Proc. Roy. Soc., A106, 694
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Fig. 1—Monolayers of C]BI'TI%?NHCOCH3OH|
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containing various concentrations of HZ04 and
LiCl. From an application of the two-dimensional
form of the Clapeyron relation

dntA _ AH

aT 5 ~ T X AA

Strength of Keto-Tmtno Hydrogen Bond in Aqueous Media
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the value of AH for the solid to liquid transition
can be found. Furthermore AH = AE + I1AA,
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so that by plotting AH against ntr and extrapolat-
ing to zero pressure, the value of AE also can be
found. (AA, All, and AE are the net changes
in molar area, molar heat content, and molar in-
ternal energy accompanying the transition.)

It was found that within the experimental error
AH was independent of ntr, so that AE - AH =
—3000 + 200 cal./mole. This value is negative,
denoting an energy evolution during the trans-
formation from the liquid (large area) to the solid
(low area) form. (Cf. ureas.9

The solid condensed form is also stabilized, rela-
tive to the liquid, by the stronger cohesion between
the hydrocarbon chains owing to their slightly
closer proximity. From a study of the long chain
ureas, where the change in area is almost identical,
Glazer and Alexander4 have estimated this contri-
bution to be 50 cal./mole for every methylene group.

G. E. Hibberd and A. E. Alexander
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Applying this correction, AE for the head group
transformation would be —2100 cal./mole.

The thermodynamic properties of the hydrogen
bond in water have been discussed by Schellman,4
who employed aqueous urea solutions as his model
system. Interpreting deviations from ideality in
terms of an equilibrium between monomer and
dimer, he obtained for AH at 25° a value of
—2090 cal./mole. Schellmanbalso has obtained a
value of —1900 cal./mole for the heat of hydrogen
bonding from studies of the denaturation of (3
lactoglobulin by heat and urea.

As pointed out by Leach,6" the heat of hydrogen
bonding for OH. .. .N or O....... HN interactions
has been quoted as 6 to 8 kcal./mole. However,
in aqueous media, the presence of water at a con-
centration of about 55 M reduces this figure con-
siderably. The breaking of a peptide hydrogen
bond is in fact a hydrogen bond interchange in
which the total number of bonds is unchanged.”

2. The Effect of Electrolytes and Urea on Hy-
drogen Bonding.—The transition between the two
configurations (I and 11) was found to be in-
fluenced markedly by the presence of salts or urea
in the sub-solution. In addition to urea, the fol-
lowing electrolytes were examined—H2SO4, LiCl,
NaCl, KC1, KBr, KI, KI3 and KCNS, thus
covering a range of cations and anions. Certain
systems are shown graphically in Fig. 2 and 3;
the full experimental data are given in Table I.

It can be seen that the cations, when placed in
order of decreasing effectiveness (i.e., H+ > Li+ >
Na+ > K+), reproduce the well known lyotropic
series. The relative effect can be explained in
terms of the greater polarizing power of the smaller
cations. It has been suggestedT that in lithium
halide solutions there may be lithium to carbonyl
bonding as in (111) or bonding of carbonyl to water
of the lithium hydration sphere as in (1V). Both
interactions would tend to stabilize configuration
11 of the acetamide monolayers.

As is clear from Fig. 3, urea is not particularly
effective at low concentrations, but its efficiency
increases markedly above about 3 1. A similar
effect was observed with monolayers of lysozyme,

(14) J. A. Schellman, Conpt. rend. trav. lab. Carlsberg, Sh, chim
29, 223 (1955).

(15) J. A. Schellman, ibid., 30, 363 (1058).

(16) S. J. Leach, Rev. Pure Appl. Chem, 9, 33 (1959).

(17) J. Bello and H. R. Bello, Nature, 190, 440 (1961).
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Tablel

Transition Pressures (ntr) at Various Temperatures (1), on Water,Urea, and Various Salt Solutions

(ntrin dynesicm., + in °C)

175 18.8 Wte
i '3 53 08 178 171 219
10 Urea
184 o TR TP AR PR PR
' 6.1 . ' . 8.6 ' 11.8
19.5 9.9 19.1 10.9 18.9 144 15.6 11.3 13.6 .'
A4 180 A3 AT 0. 208 A 101 1 giB
Sulfuric acid
000l N-——§ - 05 N---—- 10N . 2.0 N BON-—-—-. - AON-—— . 5.0 N———
TR LR T T S AP T | T SR SR
84 40 179 70 161 o1 11 51 a0 30 E1 83 28 14
195 74 187 99 170 109 145 105 9.6 g1 12 150 37 178
209 127 198 146 187 155 Be 154 105 109 e 213 52 237
221 186 210 205 198 200 1L7 150
BL 211
Lithium chloride
. u.l Mntr —————— B 1.U M'ﬁ,'r“ ---;- ZOM-':]-{I? .---;— 3.0 M“n-fI:- .---?r- au mr“l'ﬁl: . ,----; 5.0M“'n-ﬁ:. ""; 6.0 MU‘[-I’“
16.9 14 163 34 142 29 125 3.2 105 3.7 1.9 2.9 2.1 2.1
184 67 1717 6.9 153 6.1  13.6 51 124 6.9 9.3 58 4.4 4.5
200 117 187 108 172 120 154 .. 134 117 106 9.1 6.4 7.0
212 180 196 141 181 159 164 148 155 189 121 142 g 113
206 191 175 188 138 210 101 173
Sodium chloride Potassium chloride
3.0 M----—-- Fomm——- OM-—-—, 10mM = e 36wm
T ntr T ntr T ntr T Ur
16.8 3.5 157 2.1 16.8 1.9 16.5 3.2
18.3 1.9 17.2 7.0 19.6 9.9 18.0 15
19.5 12.2 18.8 12.2 21.1 16. 19.9 13.3
21.2 195 20.1 74 22.2 22.1 20.8 173
21.8 22.1
C=0- eLj+- =-0=C lyotropic series (CNS' > 1'). It was thought that
traces of triiodide (13) ion (the iodine being
(1 formed by aerial oxidation) in the KI solutions
Pl H fzou_ld have_been 'Fhe cause, so the influence of added
iodine was investigated.
0 Figure 4 shows the effect on the transition

C=0- « H—O- =Li+- «B0—H *=-0=C

| |
H H

(V)

ovalbumin, and poly-sc-leucine,8 and it conceiv-
ably could be due to the formation of associated
urea molecules as discussed earlier.

The halide ions, when placed in order of de-
creasing effectiveness (i.e., V > Br' > CP), re-
produce the lyotropic series for anions. In this
case the greater polarizability of the larger anions
would afford a suitable explanation. However,
the thiocyanate ion (see Fig. 3, inset) appeared to
be anomalous in view of its size and position in the

(18)  T. Isemura and K. Hamaguchi, Ann. Rept. Sci. Works, 5
(1957).

pressure produced by small additions of iodine to
0.1 N KI solution. Under these conditions all
the added iodine would be effectively present as
13, so this ion is clearly even more effective than
the CNS'ion. (The influence of iodine was not due
to a chemical reaction with the amide, since on
adding a little thiosulfate to the sub-solution, the
film returned to its normal behavior.)

It would be extremely interesting to determine
AH (and AE) for the films on salt solutions, as was
done in the previous section for films on dilute acid.
Unfortunately, the transition becomes less definite
as the salt concentration increases, and because
of the reduced accuracy no figures are reported here.
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1858
DISC}USSION h h
Stanfard Research Institute).—The
u!éden? osf 4% Foureno h[h rogen
E pdpeﬂe{ﬁxgg%:g@y aanIth esu&% ju?eﬁg en?e%t%es aneﬁcg
so?\gentwﬂlc are broken durmg fhe process.

puﬁmﬁweﬁ exanse i Bgeser This point is made clear in the

mdlecdle SEsh e}uﬁé ol o mver% ) sees |%s
?L?Jr?ﬁ ?onureaﬂ% rates 0 |ouusrcg cegytra |ogs cor‘e Eorte
ce asd

%chu q 'o asl il il rpi}erbprgenon mFer
ere with the postu ate react|on In‘yours

A. E. Arexander —\We have never found any evidence

F. C. Goodrich

Vol. 66

hhat U{ea heh ves

in an anomalous manner, even at the
hes concen rat|ons s{bda e8

Corne ersit lotz Fra 76

ob me 5""@ %r% r%)enza Ot
ars c nt in

swe as mear 0 en

CH} hyafroehi) |c%
rlgg |o(rﬁ| e R bont? osmvgcon oy
e L

i g%ﬁyrng@.tw:ﬁomrsmy Al

he n POf xander e case of octadeF r| I,%c%%l@d%lp

ceorne uatlonﬂ] to ratlonq ngf ena\;le(jn%m%ew

06S not& e%ethat ﬁ1 r
overa

ep ed monoday??r on wa
IS Process makes no
COﬂtrI%UthﬂVYO

ON THE DAMPING OF WATER WAVES BY MONOMOLECULAR FILMS

By F. C. Goodrich

California Research Corporation, Richmond, California

Received March 2, 1962

Somefaturesofa neralized theory of monolayer rheolo

Cuss eory.

1. Introduction

It is the objective of this article to provide a
descriptive treatment of a rigorous hydrodynamic
and rheological theorylwhich has been devised to
account for the well known ability of thin films of
oil to extinguish water waves and to report some
experiments on wave damping by monomolecular
films. The research was initiated to see what might
be learned of the rheological properties of mono-
layers by studying the rate at which they accel-
erate the dissipation of wave energy in a gently un-
dulating interface. These rates have been found to
be surprisingly low, as will be seen in the sequel.

Throughout the work, effort has been directed
toward an application of the formal mathematical
apparatus of classical Newtonian rheology to
problems in interfacial motion. A great deal of rheo-
logical material on interfaces has accumulated in
the literature, but most of it is not sufficiently gen-
eral to apply to systems undergoing wave motion,
first because both theory and experiment usually
restrict themselves to motion within the plane of the
interface exclusive of motion vertical to it, and
second because rarely is proper account taken of
the inevitable coupling of the hydrodynamic motion
of the substrate to the viscoelastic motion of the
surface film. Only a theoretical apparatus which
does both of these things can lead to the definition
of rheological parameters which are truly character-
istic of the surface.

The author also hopes to make more precise the
term “dynamic surface tension” which is frequently
seen in the literature. The implication of this
terminology is that the interface under study is
undergoing rate processes which cause an elastic

are described, with partjcular reference
damgénlﬂ rmso ?aqcihve substances: IExpenm n{s on'w eaF 11 |

AR S

parameter, the surface tension, to deviate from its
static value. Now for an insoluble monolayer, i.e.,
one whose chemical composition is not changing, a
classical rheological description of a non-equilib-
rium elasticity is by a Voigt element with a pair
of rheological constants, one elastic, one viscous,
whose magnitudes measure the relative importance
of a reversible and an irreversible response to stress
within the monolayer. The “dynamic surface
tension” from this point of view separates into a
pair of constants, one the static surface tension, the
other a viscosity coefficient.

This separation of static elasticity coefficients
into pairs of rheological constants is a familiar
procedure for bulk rheological systems, and our
program here is to investigate its possibilities for
interfaces. The reader will therefore find in the
following that each of the various elastic moduli
which can be defined for an interface carries with it
a corresponding viscosity index.

tenuation by fatty alconols andac |

2. The Characterization of Surface Rheology

The intrinsic elastic property of fluid interfaces
known as surface tension has been recognized since
the end of the eighteenth century. Less well rec-
ognized and certainly less experimentally investi-
gated is the surface elasticity of Gibbs,2which plays
a role for those fluid interfaces at which adsorbed
films are present. The work of Boussinesq3led to
the characterization of the viscous properties of an
adsorbed surface film by a pair of viscosity co-
efficients. Only one of these has survived in the
experimental literature,4where it is known simply

(2 J. W. Gibbs, “Collected Works,”

Co., New York, N. Y., 1928, p. 302.
(3) J. Boussinesg, Ann. chim. et phys., 29, 349, 357, 364 (1913).

Vol. 1, Longmans, Green, and

( 19%])1 F. C. Goodrich, proc. Roy. soc. (London), A260, 481, 490, )58 (4) D. W. Criddle, in Eirich, “Rneology,” Vol. 3, Academic Press,

New York, N. Y., 1960.
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Fig. 1—Possible types of motion in monolayers.

as the surface viscosity. Finally, Shuleykin and
Ivanov5 introduced into surface rheology still a
third viscosity coefficient.

The number of independent viscoelastic constants
introduced into surface rheology is thus already
confusingly large. Mathematical schemes which
incorporate many of them into quantitative pre-
dictions of the influence of interfacial phenomena
upon macroscopic behavior have been devised,16 0
and the author will give here a descriptive account
of the role played by each of these viscoelastic
constants in the theory of surface rheology.

Let us begin by remarking that an adsorbed
monomolecular film, while it is exceedingly thin,
nonetheless possesses a finite thickness and must
hence in the most general case be treated as a non-
isotropic rheological body. More specifically, the
monolayer is axially symmetric, having properties

V. V. Shuleykin, Fzika Morya, Moscow (1953).
Translation No. 797, U. S. Naval Research Laboratory, Washington,

>.C

(C) K. Wieghart, Frysik Z, 44, 101 (1943
(7) A. Frumkin and'V. Levitch, Zhs—-l ?<hm 21, 1183 (1947).

(8) R. Dorrenstein, Proc. Konind. Ned Aked "Wtersdhav, e54,

230, 350 (195?
© J. G. Oldroyd, Proc. Roy. S, (London), A232, 567 (1955).
(10) L. E. Scriven, Gem S, 12, 98 (1960).
(11) I. N. Sneddon and D. S, Berry, "Handbucli der Physik,” Vol.
6, Springer-Veilag, Berlin, 1958.
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in a direction perpendicular to the interface dif-
ferent from those which lie in the plane of the inter-
face. It is known from classical elasticity theoryIl
that the most general axially symmetric body re-
quires fully five independent elastic constants y and
that an equivalent number of viscosity coefficients
V must be appended to the theory if dissipative
effects are to be included. By supposing that one is
able to cut out a cylindrical specimen of the mono-
layer, the pairs of constants y, 17, and the motions
with which they are associated are sketched in
Fig. 1. Motions (a), (c), (d) are shear deformations
of the specimen. Motions (b), (e) require volume
changes.

The elastic constant 7 for motion (a), vertical
shear, is the surface tension. This identification
may seem startling to those accustomed to the
thermodynamic definition of this quantity, but it
can be fully established mathematically.1 The
corresponding viscosity coefficient 7 which measures
the degree to which mechanical energy can be de-
graded into heat by shearing the monolayer along
the vertical axis is the viscosity coefficient of
Shuleykin and Ivanov. The elastic reaction of the
monolayer to deformation (b) involving a lateral
compression of the film is the Gibbs elasticity.
Gibbs2 showed that

A (dy/dA)

for A the area of the monolayer, a relationship
which enables 71 to be calculated from the force-
area curve. The viscosity coefficient »lis the first
or dilational coefficient of Boussinesq,3 while 72
associated with a lateral shear of the film [motion
(c)], is Boussinesq’'s second viscosity coefficient.
It is 72 which is almost universally reported in the
experimental literature as “the surface viscosity.”
Comparatively little is known experimentally about
the elastic constant y2for lateral shear, and it would
appear that in many cases the elastic limit for
motion (c) is very small. Fortunately for the cal-
culations on closely packed monolayers to be re-
ported here, a knowledge of 72 is irrelevant.

To date, no quantitative theory has incorporated
any of the complications arising from the supposed
motions (d) and (e), and they will play no role in
our discussion. Even neglecting motions (d) and
(e), however, the remaining motions embrace a
total of six rheological parameters which, together
with the viscosity p of the substrate, constitute a
total of seven independent quantities. The incorpo-
ration of all of these into a rigorous theory of inter-
facial motion is a complicated matter which can be
carried through to numerical completion only for
special experimental situations. One of these is the
case of shallow water waves of plane symmetry
moving across an infinite ocean.

3. Wave Damping

A convenient physical picture to carry in mind in
considering the effect of oil films upon water waves
is that of a drum filled with water. The motion of
the drum membrane is inevitably coupled to that
of the fluid substrate so that depending upon the
rheological properties assigned to the membrane,
the degradation of wave energy into heat will pro-
ceed by mechanisms of varying importance. Al-

11 =
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ways present is the viscous dissipation in the sub-
strate due to its own internal viscosity. Even in
the absence of any sort of surface viscosity, this
dissipation can be increased by the presence of a
surface film for, as Lamb22 pointed out many years
ago, a laterally rigid surface film (one with a high
Gibbs elasticity, 71) inhibits substrate motion par-
allel to the interface and thus increases the rate of
substrate shear. When the film has viscous prop-
erties of its own, the relative contributions to
energy dissipation of the modes of motion sketched
in Fig. 1 have to be computed by complicated
mathematical procedures, for none of the various
contributions are additive.

The quantities which are measured in a typical
wave experiment are the wave length X and the
wave attenuation A of the ripple generated by a
mechanical oscillator of frequency/ thrust into the
interface. In the case of plane ripples, A is a
measure of the rate of dissipation of wave energy
whose physical significance may be assessed by a
study of Fig. 2. Suppose a wave train generated by
a line source to be moving from left to right along
the x axis. The amplitudes i/q, . of successive
crests are measurable quantities which both theo-
retically and experimentally are found to decrease
exponentially with distance x from the source. A
plot of Inilj against x will thus be a straight line
whose slope is defined to be —A, or in other words,
at any fixed time t the amplitude of the wave train
is of the form

W~ e~xAcos (2t/\)x

The dependence of A upon the seven rheological
parameters discussed in section 2 plus the fre-
quency / of the source is a complicated matter
which becomes simple only in the case of a clean
interface uncontaminated by oil. In this case, only
the viscosity ji and surface tension y of the water
enter into the calculation; and it can be shown that
to a good approximation the attenuation of capil-
lary ripples is
A = 87r/ill3y

This formula is in good agreement with experiment. 1

In planning a study of the action of monolayers in
damping water waves, it is of interest to eliminate
from the experiment as many as possible of the
motions listed in section 2 in order to simplify the
interpretation of the results. The typical surface
viscosity experiment, for example, restricts all
motion to lateral shear in the plane of the interface;
and, in a similar way, it is convenient in a wave
damping experiment to restrict the film motion as
much as possible to those vertical to the interface.
This means that the experiments simplest to inter-
pret should be those on laterally rigid monolayers
whose molecules are so tightly packed that the
Gibbs elasticity 71 is effectively infinite. For such
monolayers, the weak lateral drag exerted on them
by the motion of a low viscosity substrate parallel
to the interface is insufficient to initiate lateral
motion of any sort in the plane of the interface.
We consequently do not need to know in this case

(12) H. Lamb, “Hydrodynamics,”
1945, p. 632.
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the precise values of the rheological constants as-
sociated with motions (b) and (c); and the only
relevant parameters entering into the theoretical
calculation of A are the independently known
guantities 11 and 7, plus the unknown hypothetical
monolayer viscosity coefficient T for vertical shear.
It is with such monolayers that the experimental
portion of this paper will be concerned.
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5. Results

Plots of wave attenuation A as a function of fre-
quency / are given for monolayers of a number of
surface active substances in Fig. 3-6. Also plotted
are the theoretical curves as calculated using the
known viscosity and density of water plus the ex-
perimentally measured values of y and yi. The
Gibbs elasticity 71 was determined independently
on a film balance from the force-area curve of the
monolayer, but its precise value turns out to be
irrelevant to the calculation, for in every case it
was so high that the predicted curves differ only
negligibly from that calculated from Lamb’s hy-
pothesis2which is to say that they are the attenua-
tions expected for a laterally rigid monolayer
whose viscosity coefficient ¥ for vertical shear is
zero. The failure of Lamb’s hypothesis is evident,
but the unusual feature of these curves is that the
failure is in the unexpected direction, for increasing
Aaway from zero exaggerates rather than diminishes
the divergence between theory and experiment.
In short, there is less experimental attenuation
than can be accounted for by the theoretical mini-
mum.
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6. Discussion

The result obtained is thus the reverse of that
reported by Vines,4whose measured attenuations,
when they can be compared with the above, are
all higher, including that reported for clean water.
Vines concluded that his attenuation data for
tightly packed monolayers showed positive devia-
tions from Lamb’s hypothesis, whereas the author
has found negative deviations. Two criticisms can
be leveled at his work: his failure to clean the sur-
face adequately and his use of a spreading solvent.
Experience in this Laboratory indicates that both
effects can lead to serious errors. In any case, the
guestion of whether or not there exists a viscosity
coefficient j for vertical shear within the film is
unanswered by these experiments. Instead, a new
guestion is raised as to what is the proper boundary
condition to be used in our theoretical calculations
when we consider the coupling of the motion of the
substrate with that of the interfacial film. In all
of the calculations reported here, it was assumed
that the velocity vector of fluid flow within the sub-

(14) R. G, Vines, Australian J, Phys., 13, 43 (1960).
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strate varied continuously right up to the fluid
boundary and that the internal viscosity index p of
the water was constant over the same region. These
assumptions are traditional in hydrodynamic cal-
culations, yet one way to account for this experi-
mental result is to abandon them. More specifically
if there is a region close to the interface where the
viscosity of the water is less than that in the bulk,
then the lateral rigidity of the film will no longer be
so influential in increasing the rate of shear within
the substrate and the attenuation will be less than
that expected from the traditional hypothesis.
More picturesquely, it may be that a thin layer of
low viscosity water effectively lubricates the film
from the substrate. Among hydrodynamicists,
such a possibility is known as “slip” ; but there is
abundant experimental evidence in the hydrody-
namic literature that slip is non-existent. An in-
contestably established case of slip would, for ex-
ample, throw into doubt the whole of experimental
viscometry, which is based on the assumption of no
slip between the fluid and the walls of Couette or
capillary viscometers.

A second alternative would be to incorporate
into our theoretical calculations types of motion in
the monolayer other than those already considered.
Such a generalization would take into full account
motions (d) (horizontal shear) and (e) (vertical
compression), but the implications of such a modi-
fication in the theory have yet to be investigated.

Acknowledgment.—The author is indebted to
Professors L. E. Scriven and F. Buff for an il-
luminating discussion.

DISCUSSION

S. G. Mason (Pulp and Paper Institute of Canada).—
With a rigid monolayer, is it assumed that the horizontal
velocity component of the interface is exactly zero? In
other words, is the locus of a point on the interface a vertical
line? If it is elliptical a reduction in rate of dissipation of
energy in the substrate may be possible. 1 would be inter-
ested to know if this point has been examined theoretically.

F. C. Goodrich.— The calculations described here were
performed using experimentally measured values of 71.
It can be demonstrated theoretically that in the limit y, —
co, the horizontal component of the substrate velocity vector
is suppressed to zero. For the experiments reported here,
yi was already so high that the calculated results differ
negligibly from those which would be obtained by deliberately
setting the horizontal velocity component equal to zero at
the start of the calculation. Thus, to answer your question,
the locus of a point in the interface in these experiments is
indeed a vertical line; but this result follows automatically
from the high, measured value of 71. It was not imposed
a priori on the calculation.

A. S. Michaels (Massachusetts Institute of Tech-
nology).— Your calculated attenuation constants are based
on the premise that the monolayer is completely incompres-
sible or inexpansible. Since there must be some variation
in surface area due to establishment of the wave, there
should be a corresponding change in molecular packing at
the interface— hence some compression and expansion of the
monolayer must result. Can this perhaps account for the
difference between your experimental and predicted at-
tenuation values?

F. C. Goodrich— The ratio of maximum wave amplitude
to wave length in these experiments was 10~4 and from this
figure it is a simple matter to calculate the maximum frac-
tional increase in surface area as of the order of 10-8. This
figure is far too small to cause changes in molecular packing
of the magnitude required. In order to harmonize theory
and experiment, reductions of the compressional modulus
71 by factors of V2 to 1z would be required— far greater

F. C. Goodrich
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Introduction

As surface active molecules (species 1) adsorb or
spread as monolayers at liquid surfaces, molecules
of the substrate (species 2) originally present in the
surface are forced into the adjacent liquid phase.
However, in many cases an appreciable mole frac-
tion x2 of substrate molecules remains in the sur-
face layer. These remaining substrate molecules
and the surface-active molecules form a two-
dimensional solution in which the film pressure w
and partial molecular area of substrate molecules
\V2determine x2

T2 = —kT In Xe<2 @

where 42is the activity coefficient of the substrate
molecules in the surface solution. Such mono-
layers with fa equal to unity are termed “ideal two-
dimensional solutions” and have been found to oc-
cur in a great many instances; in fact, ideality of
such solutions appears to be the rule with few ex-
ceptions. Of course a great many insoluble mono-
layers and some adsorbed monolayers are essen-
tially free of substrate molecules (o approaches
infinity), but when monolayers do include sub-
strate molecules, < is generally very close to unity.
Many investigators have found this to be the case
for small molecules,1and the author has shown this
to be the rule for detergents and so-called “gas-
eous” monolayers.2 Other two-component mono-
layers formed by penetration of detergent mole-
cules (species 2) into an insoluble monolayer of
species 1 display the same ideality and obey eq. 1
where wis the increase in film pressure as a func-
tion of £23-6

* Sprague Electric Co., North Adams, Mass.

@ Eg., A SChUChO\MtZky Acta Physicochim. URSS 19, 176, 508
(1944).

(2) F. M. Fowkes, J. Phys. chem., 66, 385 (1962).

(3) W. M. Sawyer and F. M. Fowkes, ibid., 62, 159 (1958).

(4 F. IVl Fowkes, ibid., 66, 355 (1961).

(5) F. M. Fowkes, “Proceedings of the Third International Congress
of Surface Activity,” Cologne, Vol. I, 1960, p. 161.
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This paper is concerned with the penetration of
hydrocarbon molecules (species 2) into insoluble or
adsorbed monolayers of species 1 at surfaces or
interfaces; in these systems $of eq. 1is generally
unity or else no penetration occurs.

The Surface Phase.—The surface layer (or
layers) of molecules in liquids may well be con-
sidered to be a phase separate from the bulk liquids.
In this phase the intermoleeular distance is con-
siderably greater than in the liquid phase, the sur-
face tension affects the chemical potential of this
phase only (except for the pressure effect on the
liquid phase in some systems), the composition and
chemical potential of species of the surface phase of
solutions is quite different from the liquid phase,
solutes are far more soluble in the surface phase,
and the activity coefficients in surface solutions are
far closer to unity than in bulk solutions. Equi-
libria between the surface phase and liquid phase
are established when molecules can be readily ex-
changed between phases. In the case of insoluble
surface films such as stearic acid on water no equi-
librium is established with dissolved stearic acid in
any of the usual film balance studies. However,
in “gaseous” monolayers of stearic acid the surface
phase is composed mainly of water and this is in
dynamic equilibrium with the water substrate.
In the case of detergent monolayers adsorbed on
aqueous solutions, both the detergent and water
molecules of the surface phase are in equilibrium
with the liquid phase. In this paper we consider
insoluble surface monolayers of stearic acid (not in
equilibrium with any other phase) penetrated by
hydrocarbon molecules in equilibrium with hydro-
carbon vapor.

At interfaces between dissimilar liquids such as
hydrocarbons and water the interfacial region in-
cludes two interfacial phases (the adjacent layers
of both liquids); these two phases have different
tensions, intermoleeular distances, and composi-
tions than the liquid phases.6 Some surface active

(6) F. M. Fowkes, 3. phys. chem., 66, 382 (1962).
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molecules occupy only one interfacial phase, but
others can occupy both at once as will be shown.

Theory.—The same equations will be used as in
previous articles of this series.24 The subscript 1
refers to the species forming the monolayer to be
penetrated and subscript 2 to the penetrating
species. If a second species penetrates the mono-
layer subscript 3 is used.

Penetration is the equilibration of a species (2)
between two phases; at equilibrium its partial
molar free energy (C?2 is equal in the two phases.
However, when one of the phases has a different
pressure, tension, or gravitational constraint the
chemical potential m is different in the two phases.
For equilibria between a liquid or vapor phase with
the surface phase (at constant pressure and tem-
perature)

dG2surface) = d™Asurface) — NaAy

dG2(substrate) = disubstrate)

dG2vapor) = d/iXvapor)

dG2surface) = dG2substrate) = dG2vapor)

diusurface) = RT d In xZa

du(substrate) = RT d In Cif2

di(vapor) = RT d In p2*
where x2 and fa are the mole fraction and activity
coefficient in the surface phase, c2 and /2 are the
mole fraction and activity coefficient in the sub-
strate, and p* is the fugacity of species 2 in the
vapor space.

After equilibration of species 2 between sub-
strate and surface phases

kT dInxXa — @y — kT dInc22= 0 (2
and between vapor and surface phases
kTdInxFa — €alY — kT dInp2 =0 (3

For vapor-surface equilibria in which the vapor
acts as an ideal gas, and the changes in surface ten-
sion are expressed as film pressure X, eq. 3 becomes

“

where p2/p2 is the relative vapor pressure (p2 is
the vapor pressure of pure liquid species 2). In
integrated form eq. 4 is

KT d InxXa — KT d In (pZp2) = —nrxAir

KT In Xifa — kT In (pZp2) = —a2(r — #2) (5)

where #2 is the equilibrium spreading pressure of
species 2 on the substrate, and a2 is the average
partial molecular area of species 2 as defined by

To compute x2for a mixed monolayer from meas-
ured values of Ax (the area of monolayer per mole-
cule of species 1), it is necessary to know a2 and
ax. The two-lhirds power of the molecular volume
has been found adequate for predicting €2 of small
symmetrical molecules such as water and propylene
carbonate.2 For less symmetrical molecules <2
may have to be evaluated from x vs. p2data at con-
stant x2 Under these conditions we see that eq. 4
leads to

Frederick M. Fowkes
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dlInp2

= kT
72 dx

(6)

In computing x2it is also necessary to know m
and whether or not species 1 is dimerized in the
mixed monolayer. These points can be established
by use of the relation2

= M

where z is the dissociation coefficient for molecules
of species 1 in the mixed monolayer. If z is unity
no association or disassociation occurs; if dimers
were formed z would equal 0.5. The value of
n2/nxz is calculated from

2/KT

2/ kT
e—

n2 X2

uz 1—x2 ®)
Thus for each value of wa corresponding value of
n2/nyz is calculated and an Ax vs. n2nxz plot de-
rived from the normal Ax vs. x relation. The slope
gives z, and the intercept o\

Penetration of Surface Monolayers by Solvent
Vapors.—The data of Dean and co-workers7-11
on the effect of hydrocarbon and carbon tetra-
chloride vapors on the film pressure of stearic acid
monolayers may be treated as an ideal two-di-
mensional solution in which the vapor is in equilib-
rium with solvent in the monolayer, although a dif-
ferent interpretation was offered originally.

In Fig. 1 and 2 are shown the effects of carbon
tetrachloride and dimethylbutane on the film pres-
sure of extremely dilute monolayers of stearic
acid.7 These molecules are nearly spherical in
shape so that a2 is calculated as the two-thirds
power of the molecular volumes (28 and 34 A.2
respectively). The value of ax is expected to be
the maximum molecular area for stearic acid in its
most expanded form, 45 A.2 A check of this
value is given in Fig. 1 where the data are plotted
according to eq. 7 and the intercepts are 40 and
45 A.2 respectively.

These mixed monolayers are very simple ones.
The stearic acid molecules occupy 45-46 A.2 at
pressures less than the “critical demixing pressure”
(see Fig. 2), so that the area available to solvent
molecules is Ai — ax With this area and the
known values of a2 x2values are calculable for each
value of Ax. Then from eq. 5 a x Ax relation is
calculable for any fixed value of p2 The data of
Dean and Li are for p2= p2, and are shown in Fig.
2 to fit the calculated pressure-area curves very
well.

Data obtained later with R-hexane also fit the
ideal solution equation for monolayers.6

Penetration of Oil Molecules into Oil-Soluble
Monolayers Adsorbed at the Oil-Water Inter-
face—Let us consider the monolayer adsorbed
between water and a dilute solution of stearic
acid (1) in a highly refined naphthenic oil (2).

(7) R. B. Dean and Fa-Si Li, J. Am. chem. SXC, 72, 3979 (1950).

(8) R. B. Dean and K. E. Hayes, ibid., 73, 5583 (1951).

(9) K. E. Hayes and R. B. Dean, ibid., 73, 5584 (1951).

(10) R. B. Dean and K. E. Hayes, ibid., 74, 5982 (1952).

(11) «. E. Hayes and R. B. Dean, J Fhys. chem., 57, 80 (1953).
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r is not soluble in the stearic acid monolayer,
nor vice versa, so this is essentially a binary system
with oil molecules and stearic acid molecules mixed
together in the monolayer as an ideal solution.
The pressure-area isotherm may be derived from

eq. 2 and abbreviated to

(024

using appropriate values of ai and or (25 A.2 for
each), and fa = 1, asis illustrated in Fig. 3. The
experimental points are from interfacial tension
measurements by Dr. W. M. Sawyer (of these
Laboratories) with areas per molecule (Ai) calcu-
lated with Gibbs’s adsorption equation modified
as suggested by Langmuir2for adsorption of fatty
acids from solutions in which they are predomi-
nantly dimeric3

—KT /d IncA
1= ~T"VdT)fi

One point from the work of Zisman¥also is shown.

The value of a2 (25 A.2 has not been obtained in-

dependently, but is an estimated value. Figure 4
(12) X Langmuir, 3. Franklin Inst., 218, 143 (1934).

(13) D. S. Sarkadi and J. H. deBoer, Ree. trav. chim., 76, 628 (1957).
(14) W. A. Zisman, 3. chem. Phys., 9, 534 (1941).
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k= B

illustrates the effect of using various values of <2
All values (20, 25, or 30 A.a fit the data equally well
and give identical ir-Ai relations. The difference
is only in the predicted value of ah the partial
molecular area of stearic acid. An independent
measure such as the orientation potential is needed
to decide which is correct.

This example shows the frequently observed
effect of the expansion of a monolayer at the oil-
water interface as compared with its pressure-
area relation on the surface of water (Fig. 3).
Though the effect usually is explained as resulting
from “releasing the forces of cohesion” in the mono-
layer it is obvious that the expansion is only the
area of the oil molecules in an ideal binary solution
with the adsorbed molecules and that the exact
pressure-area relations of the interfacial film are
calculable from known values of a\and a2

Not all surface-active agents form ideal two-
dimensional solutions in oil. At least one case of
complete insolubility has come to our attention,
octadecanol in white oil at 25°.15 Here there was
no swelling of the monolayer in oil.

It is to be expected that at high film pressures a
critical pressure may be reached where the activity
coefficient 42 suddenly becomes very large and the

(15) W. M. Sawyer and F. M. Fowkes, 3. pPhys. chem. 60, 1235
(1956).
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film changes from a solvated to non-solvated film.
This has been shown before4and appears again for
dimethylbutane in stearic acid at 23 dynes/cm. and
for carbon tetrachloride in stearic acid at 17 dynes/
cm. (Fig. 2). Some polymeric monolayers swell at the
oil-water interface as oil molecules penetrate them,
but the equations for ideal solutions do not fit such
polymers. A later publication will give the
proper equations to use in these cases.

Water-Soluble Monolayers at the Oil-Water
Interface—J. T. Davies has measured the pres-
sure-area relations for long chain quaternary
ammonium salts at the oil-water interface, and
applied the “gas” equations to the data. While
previous investigators had found that ionic films
are more expanded than non-ionic, so that the
“gas” equations required 2kT, Davies found that
in his system (when the aqueous phase had a low
ionic strength) the “gas” equation required a value
of 3KT.

This is now easily explained as due to the quater-
nary ammonium chloride having a double function
in this film. That is, these molecules occupy both
adjacent interfacial monolayers, being oil-soluble
and yet having ionic groups soluble in water (in

(16) J. T. Davies, proc. Roy. soc. (London), A208, 224 (1951).

Frederick M. Fowkes
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contrast to stearic acid). The long hydrocarbon
chains formed an ideal solution with the oil at the
same time as the quaternary ammonium and the
chloride ions formed an ideal solution with the
water. If we call the water component 3 and the
oil component 2, the film pressure of this system
should be

KT In (1 —zxi) KT In (1 —xi)

m= — — (10)

«3 \2
If we follow the derivation of the “gas” equations2
and make the usual linear approximation of In
(1 — xi) — —Xi, and the usual assumption that
Ai — (@i — ai) or Ai — (<n — ai) can be approxi-
mated by Ai — AQ eq. 10 becomes

- AQ = (*+ KT (11

where z is the number of ions per long chain quater-
nary ammonium chloride molecule. It is obvious
why on very dilute salt solutions where z was nearly
2.0 that 3kT was needed in the “gas” equation,
but when saturated salt substrates were used (and
the long chain amine salt was “salted-out” so that
z was less than unity) the “gas” equations required
only 1-2kT.
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Fig. 1—Surface pressure-area curves of stearic acid, 26°.

collapse and some degree of non-reproducibility, as
found with the films on mercury, is to be expected.

In the surface pressure-area curves shown below,
ne is indicated on the surface pressure-area axes
to show the division between the equilibrium and
non-equilibrium portions of the curves. Also, the
highest pressure point shown is the collapse pres-
sure for that particular film but, as stated above, a
different collapse probably would be observed in a
repeat run.

Stearic Acid—-In Fig. 1 the surface pressure-
area curve of stearic acid on mercury isshown. For
comparison purposes the curve on water also is
shown.4 Since the curve on mercury covers a
wide range of area/molecule it was obtained in two
separate experiments: oone covered the region of
the curve above 110 A.Zmolecule and the other
covered the region below 110 A.2Z molecule. In
repeat runs, the same type of curve was always
obtained. There was some variation in the posi-
tion of the plateau with respect to surface pressure
(x5 dynes/cm.) and in the pressure at film col-
lapse. There was little or no variation, however,
in the position of the plateau with respect to area/
molecule and film collapse never occurred above
30 A.2Zmolecule.

It is believed that the curve for the film on mer-
cury reflects the compression of a monolayer which
corsisted of horizontally oriented nolecules at the
beginning of the compression (260 A.2Znolecule),
of vertically oriented nolecules just prior to film
collapse 525 A.2 molecule), and of a mixture of
horiz a!éand vertically oriented nplecules at
intermediate stages of on, i.e., from about
140 10 40 A.Zmolecule. (Molecular model aress
are 120 A.2for horizontal and 20 A.2for vertical
orientations.)

The monolayer is unstable in the surface con-
centration region where some of the molecules
must be vertically oriented [(<100 A.2Zmole-
cule)-1], since to produce this surface concentra-
tion the film must be compressed to pressures
higher than ne. Equilibrium requires that such a
film collapse with some of the film molecules form-

@  N. K. Adam, “The Physics and Chemistry of Surfaces,” Second

Ed., Oxford University Press, London, 1938, p. 47.
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ing a bulk phase until the film pressure has fallen
to ne. At ne the film consists of bulk material in
equilibrium with a monolayer at a pressure of ne.
According to the surface pressure-area curve a
pressure equal to lleis produced by a surface con-
centration of (148 A.Zmclecule)_1. These con-
siderations are taken to mean that the preferred or
equilibrium orientation of the molecules in a stearic
acid monolayer at the mere iry-N 2interface at 26°
is the horizontal orientation

Stearyl Alcohol, Laurie Acid, and n-Octacosane.
—A molecule differing only in polar group, such
as stearyl alcohol, should produce essentially the
same curve as stearic acid. A lower homolog,
such as lauric acid, should produce the same type
of curve except that the knee of the curve, which
corresponds to nearly perfectly packed horizontally
oriented molecules, shoulc be displaced toward
lower areas/molecule. A non-polar paraffin of
longer chain length, such as n-octacosane, should
produce a curve having a knee at higher areas/
molecule, and probably showing film collapse be-
fore a surface concentration corresponding to vertical
orientation is reached because no polar group is
present.

The surface pressure area curves of these mate-
rials are shown in Fig. 2.  With stearyl alcohol, the
high and low area/molecu e regions of the curve
were obtained in separate runs (division at 10A.7
molecule). The observations on reproducibility
made with regard to stearic acid apply to stearyl
alcohol also. The entire curves of lauric acid and
n-octacosane were obtained in single runs. The
reproducibility of these curves was better than with
stearic acid or stearyl alcohol. This is expected
since smaller portions of the curves fall in the un-
stable region.

It can be seen that the curves are essentially in
agreement with the predictions even though fea-
tures are present which partially obscure the pre-
dicted features. In the case ofostearyl alcohol the
slope of the curve above 120 A.Zmolecule is less
than that found with stearic acid and the plateau
is observed at a lower pressure. Both of these
have the effect of reducing the definition of the
knee in the curve so that this feature of the pre-
diction cannot be evaluated adequately. The low
area/molecule region and the over-all shape of the
curve are in agreement with the predicted similarity
to the stearic acid curve. The nevalue for stearyl
alcohol (30 dynes/cm.) is close to that observed
with stearic acid (28 dynes/cm.).

The predicted features are observed in the lauric
acid curve shown in Fig. 2. The knee in the curve
is found at smaller area/molecule than with stearic
acid and corresponds/airly well with the molecular
model area of 90 A.2Zmolecule for horizontally
oriented lauric acid molecules. The curve ap-
proaches the same limiting area/molecule (20 A.2
at high pressure as stearic acid since, of course,
these two molecules which have the same molecular
model area in the vertica. orientation can be ex-
pected to occupy the same area in monolayers of
close packed vertically oriented molecules.

The n-octacosane curve in Fig. 2 also shows the
predicted features. The knee in the curve is ob-
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served at larger area/molecule (180 A.2 than with
stearic acid and, further, it corresponds quite well
with the molecular model area of 182 A.2molecule
for well packed horizontally oriented n-octacosane
molecules. It can be seen in Fig. 2 that the curve
does not show a pressure increase as the area ap-
proaches the molecular model area of vertically
oriented molecules (20 A.2molecule): collapse was
always observed at about 60 A.2molecule. This'is
interpreted to mean that the presence of the polar
group in the polar materials permits them to be
packed in the vertical orientation. The pressure
rise between 100 and 90 A.2molecule shown in the
n-octacosane curve in Fig. 2 must be considered
significant since the film is stable at the beginning,
at least, of this pressure rise. It is possible that
this pressure rise reflects the packing of molecules
in a coiled or helical structure (with axes parallel
to the surface) which could have been produced
during compression of the film between 180 and

100 A.2Zmolecule. Measurements on a molecular
model of n-octacosane arranged in various helical
structures indicate that this explanation is plausi-
ble, but additional evidence is necessary. The
equilibrium orientation in the n-octacosane film at
26° as indicated by the value of ne would be that
tentatively attributed to horizontally oriented
coiled molecules. It should be pointed out, how-
ever, that the precision of the ITe measurement
(x2 dynes/cm.) is not good enough to rule out ex-
tended horizontally oriented molecules.

Sebacic Acid.—The surface pressure-area curve
obtained with a sebacic acid monolayer is shown in
Fig. 3. This material was studied in order to
compare the generally similar surface pressure-
area curves obtained with the mono-functional
polar paraffins, stearic and lauric acids and stearyl
alcohol, with that of an a-o bifunctional polar
paraffin. The curve was readily reproducible, ex-
cept with respect to collapse pressure, even though
the monolayer is unstable at this temperature at
any pressure (ne = 0). The sebacic acid curve is
believed to reflect the compression of a monolayer
of horizontally oriented molecules. The surface
pressure rises sharply as the area molecule ap-
proaches that in a close packed monolayer of hori-
zontally oriented molecules (molecular model area
in the horizontal orientation is 80 A.2Zmolecule)
and then collapses. The ITevalue of 0 for sebacic
acid indicates that at 26° sebacic acid molecules
prefer the environment in a bulk crystal to that in a
monolayer at the mercury-N2interface.

Benzoic and 1-Naphthoic Acids.—The surface
pressure-area curves on mercury of benzoic and 1-
naphthoic acids are shown in Fig. 4. These
materials were studied so as to compare the sur-
face pressure-area properties of the polar paraffin
hydrocarbons with the polar aromatic hydrocar-
bons. The general shapes and positions with re-
spect to the area axes of the curves were readily
reproducible, but as usual collapse was erratic.
It is believed that both of these curves reflect the
compression of monolayers of vertically oriented
molecules, i.e., with the planes of the benzene
rings of benzoic acid or the fused coplanar benzene
rings of l-naphthoic acid perpendicular or nearly
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Fig. 2—Surface pressure-area curves on mercury, 26°.

Fig. 3.—Surface pressr%reer-caurreﬁ fég.ve of sebacic acid on

Fig. 4—Surface pressure-area curves on mercury, 26°.

so to the mercury surface. It is likely that both
materials arc adsorbed by means of the polar
group. Significant surface pressure is not ob-
served at areas large enough to accommodate the
molecules lying flat (>70 A.2Zmolecule5for benzoic
acid and >100 A.Zmolecule6for 1-naphthoic acid)
and the curve rises sharply as the area/molecule
approaches that of close packed vertically oriented
molecules (about 20 A.Z6 for benzoic acid and 30
A.26 for 1-naphthoic acid when both are adsorbed
by means of the polar group). The nevalue of 20
dynes/cm. for benzoic acid is given by a mono-
layer at 26° with a surface concentration of (40
A.2'molecule)_1. The orientation associated with
this area/molecule, which we have called the
equilibrium orientation, is believed to be with ring

(5) Molecular model aress.
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planes perpendicular to the surface.  1-Naphthoic
adid, like sebacic adid, is non-spreading on mercury
at 26° (lie = 0).

Discussion

On the basis of the materials studied, it appears
that at 26° long paraffin chains tend to lie flat on the
surface of mercury, that aromatic rings tend to
stand on edge on a mercury surface, and that polar
groups provide points of strong attachment to a
mercury surface. These orientation tendencies
were deduced from the surface concentration in a
monolayer at ne. Since ne can be expected to
change with temperature and, for a homologous
series, with molecular weight,3 the orientation
tendencies cited can also be expected to change
with temperature and molecular weight. An ex-
ample of the latter shown by this work is interest-
ing. This is the tendency to vertical orientation
observed with lauric acid in contrast to the hori-
zontal orientation of stearic acid. It was expected
that the van der Waals interactions between adja-
cent paraffin chains would be the dominating force
in determining orientation so that the tendency to
vertical orientation would be greater for the longer
chain acid. For monolayers at ne, however, the
results indicate that the paraffin chain-mercury
substrate interactions are dominating. Further
investigation of this point is planned.

Throughout this paper reference is made to a
mercury surface; however, no direct evidence is
available to indicate the chemical purity of the
“mercury” surface used. The mercury surface
obtained in this work is characterized by the fact
that spreading thereon of the materials studied (in
benzene or methanol or with no solvent for those
materials having ne > 0) was always rapid and
complete. This is in contrast to the mercury sur-
face obtained with less well purified mercury in
air which is instantaneously contaminated follow-
ing sweeping of the surface so that spreading
thereon of these materials is impossible.

The possibility that some of the materials studied
when spread as a monolayer would react chemically
with the mercury surface was considered. For
example, the carboxylic acids might be expected to
react and form mercury carboxylates. No direct
evidence was obtained on this point but the similar
behavior of stearic acid and a material believed to
be unreactive, such as stearyl alcohol, suggests that
carboxylate formation did not occur at least with
stearic acid. Further evidence, preferably of a
more direct nature, is necessary on the general
questions of reaction with the mercury surface.

It is of interest to consider the surface tension or
surface free energy of mercury covered with a
close-packed monolayer of vertically oriented
stearic acid molecules (y'lig) in contrast to that
of water covered with an identical film (y'h,o0)-
(It would be preferable to make this comparison
for stable monolayers, but the information is not
available for the stable monolayer on water.)
The values of these two surface tensions can be
calculated from the equation

F=7-7" 1)
where F is surface pressure, 7 is the surface tension
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of the clean liquid surface, and 7' is the surface
tension of the film covered liquid surface.6 For
the mercury case, F at 20 A.2Zmolecule is from Fig.
1 approximately 60 dynes/cm., 7 is 475 dynes/cm.,
so that 7 Tig is 415 dyes/cm. For water F at 20
A.ymolecule is from Fig. 1 32 dynes/cm., 7 is 73
dynes/cm., so that yTRO is 41 dynes/cm. It can
be seen that these two surfaces which are identical
from the standpoint of the nature and packing of
the outermost molecular layer have surface tensions
or surface free energies which differ by a factor of
10. This shows that the surface tension of a
monolayer covered surface is not determined
solely by the surface tension of the material com-
prising the monolayer. The other factor which
must be involved is the monolayer-substrate
“interfacial” tension as suggested by Bikerman.7
By _substituting in eq. 1 (ya + 7ab) for 7' where
7ais the surface tension of the monolayer material
and 7& is the monolayer-substrate “interfacial”
tension, we can estimate the latter for stearic acid-
water and stearic acid-mercury. Using the F and
7 values from above and an estimated 30 dynes/cm.
for 7a, 7a is for the water case 11 dynes/cm. and
for mercury 385 dynes/cm. Interfacial tensions
of organic materials against water and mercury
have, of course, been measured8and are of the same
order of magnitude as those estimated here for
monolayer-substrate tensions. Thus while the
monolayer-substrate tension may be small in the
case of a polar organic monolayer on water, it is
substantial for a polar organic monolayer on mer-
cury and the surface tension produced by the
latter is correspondingly higher.

In general it is believed that these results show
that the use of mercury instead of or in addition to
water as the substrate in film balance studies offers
many advantages. A greater number of materials
can be studied on mercury and if such studies are
to be related to phenomena involving monolayers
on metal surfaces, the monolayer structure on mer-
cury which is different from that on water is prob-
ably a closer approximation.

It is a pleasure to acknowledge the many helpful
discussions of this work with Dr. L. C. Roess and
the assistance of Mr. D. A. Bauer in the experi-
mental work.
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1. Introduction

When a flexible polymer is placed near or onto a
plane surface, great distortions of its shape from the
average are to be expected which should depend in
sensitive fashion on the structural features of the
chain and on the chemistry and reactivity of its
groups. Adsorption is thus an interesting tech-
nique to be employed in polymer studies, but an ade-
gquate theoretical apparatus must be developed to
make sense of the results obtained.

Most of what has been done to date3-7 in this
direction is based on a set of fundamental papers3d®
by Frisch, Simha, and Eirich in which the problem
was first stated and analyzed. Theirs was essen-
tially a two-step approach, involving in the first
instance a discussion of the shape of the polymer in
the presence of the surface. Then only, with the
shape and the degree of intimate contact between

(1) This work was supported by the Air Force Office of Scientific
Research under contract No. AF 49(638)541 with Mellon Institute.

(@ On temporary leave of absence from Weizmann Institute of
Science, Rehovot, Israel.

(3 @ . L. Frisch, R. Simha, and F. R. Eirich, J. chem. phys., 21,
365 (1953); () R. Srmha IT. L. Frisch, and F. R. Eirich, 3. Phys.
C{gsrz) 57, 584 (1953); (0) Il. L. Frisch and R. Simha, ibid, 58 507
( (4 i. L. Frisch, ibid, 59, 633 (1955).

() H. L. Frisch and R. Simha, J. chem. Phys., 24, 652 (1956).

(6) II. L. Frisch and R. Simha, ibid, 27, 702 (1957)
(7) W. L. liiguchi, J. Phys. Chem., %,487 (1961).

polymer and surface characterized and held con-
stant, the thermodynamic equilibrium between sur-
face phase and bulk solution was considered. Un-
satisfactory formulations were used, however, for
both these aspects in the original papers,3d3 and,
although the thermodynamic part has been cor-
rected6and the treatment of the isolated molecule
improved,47 there remain two serious weaknesses
in the treatment: the discussion of the isolated
macromolecule should be re-formulated and the
shape of the polymer must be introduced as a vari-
able into the full thermodynamic treatment.

In the present series of papers we shall attempt to
do both. In Part I we shall discuss the isolated
macromolecule at a plane surface. We shall con-
sider first cases where all segments of the polymer
can adsorb and where all sites on the surface are
adsorbing. We shall consider these cases under a
variety of structural restrictions on the chain as it
enters or leaves the surface. In addition we shall
consider cases where not all surface sites are ad-
sorbing in character and where not all polymer seg-
ments can be adsorbed. Emphasis will be put on
the method of derivation and it will become clear
from the discussion that these methods can easily
be extended and applied to a large number of other
cases not considered here explicitly. In Part Il1swe

©® A Silberberg, ibid, 65, 1884 (1962).
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shall treat the over-all thermodynamic aspects and
derive expressions for the adsorption isotherm, for
the surface tension decrement, for surface pressure,
and for the parameters characterizing the structure
of the monolayer.

2. General Formulation of the Problem,—
In all the present considerations we shall regard
the polymer molecule as being of high molecular
weight.

We place the polymer molecule in the vicinity of
a plane surface and ask what configurations it can
adopt when at least some of its segments are re-
quired to be in contact with the surface. It is clear
that the polymer molecule will split up into a series
of runs composed of segments which are either all
in contact with the surface, or all out of contact
with it. In general let there be 4 runs of i seg-
ments each all out of the surface and »ij runs of j
segments each all in the surface. The variables i
and j can adopt any value, but if there are P seg-
ments all together in the polymer molecule, and we
ignore end effects, the values which may be given
to wi and to, are subject to the restrictions

2m; + hmj = P 1)
and
2m\ — 2«jj 2)

We then define functions, co(f) and &(./), rep-
resenting the thermodynamic probabilities of a
run of i segments, in a loop near the surface, and a
run ofj segments, totally in the surface, respectively.
The functions @ and G are counts of all the distin-
guishable configurations which can be adopted by a
sequence of segments under the restrictions im-
posed, weighted with any Boltzmann energy factor
which might arise. co(t) and w(j) are functions of i
and j, respectively, but are independent of m(i)
and m(j). Their functional structure is fully de-
termined by the restrictions imposed and may be
presumed known. What they look like in detail
will be discussed in later sections.

If y represents the partition function over all
internal degrees of freedom of a polymer segment,
we may write the following expression for the
partition function Q of the entire system

Q= \VZint + Ximi n caiynt 1IL5(3>" X

m,m

It is our task to determine the equilibrium values
of i, j, m, and in. What we expect to find is a
sharp maximum in t and t at a certain value of
i andj, respectively, with the functions zero practi-
cally everywhere else. By way of assumption,
therefore, we shall write

m(i) = mb(i — Pb)
m{j) = md( — Ps)

where 5 stands for the 5-function, PB end Ps are
the equilibrium values of i and j, respectively, and
m is the total number of runs of each kind. With
these assumptions Q reduces to
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(P btoX / Psm

Q :PB.I|3_|a,mV(Fb+ PmM (D[Fh)rm(Ps)m\ m )\ m
(32)

where the equilibrium values of to, PB, and Ps are
fixed by the requirement that they determine the
maximum term of Q. Note that to, Pb, and Ps
are not independent of each other but must con-
form to the accessory conditions (1) and (2). Con-
dition (2) has already been introduced into (3a),
and (1) reduces to

to(Pb + PS) = P (4)

under present circumstances. It is appropriate
to consider the logarithm of the term in Q and re-
place the factorials which occur by the Stirling ap-
proximation. We thus have

InQ@m= m{Pn + Ps) InP+ toln oo+

Ps
+ mPs In +
b- 1 Ps - 1

lIn (PB—1)(PS—1) (5
Multiplying (5) by a Lagrangian multiplier X we
define a function
Q= InQem+ Ao(Pb+ rs) (6)

and consider the maximum of Q with respect to to,
P b, and Ps, now regarded as completely independ-
ent. This leads to a set of three equations from
which Xmay be eliminated to give

wPblIn
P

6lno o6lno pB pPs — 1
i =0
OPB sps + INPb- 17 ps
6Ino . aln &
Ino—PB + Inc —Ps
oPB OPs
In (PB- D(Ps - 1) = 0 (8)

as the set of equations to be solved for Pb and Ps
simultaneously.

To test whether the solution of (7) and (8) cor-
responds to a maximum we must look at the second

derivatives of Q. We note that, of these, only

62X /9Pb2and dHJ/dPp are non-zero. As necessary
conditions for a maximum we thus find

62In 1
6Pb2 < Pb(Pb - 1)
and
azln @ 1 (10)

OPs2 < Ps(Ps - 1)

Note that we would still be dealing with an over-
all absolute maximum if in one, but not in both, of
the equations 9 and 10 the inequality were replaced
by an equal sign. If this is the case (and let us
assume that P Breaches such a point) the nature of
the solution is altered. PB must now be regarded
as constant and in place of (7) and (8) we find a single
equation to be solved for Ps
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Fig. 1— T SBSw gm qptat;iorﬂ of I%tuﬁe considered:

attice.
NQ  (pe*+ ps olna + Pb*In i X
"dP7 Po* - 1
P P yps - 1)+
Ps
Inco(PB*) = 0; Pb = Pb* = const. (11)

where Pb* is the value of Pb corresponding to an
equality sign in (9).

A somewhat similar situation would arise if the
physical restrictions of the model require one or the
other of the variables Pb or Ps to be constant.
For example, the structure of the surface could con-
ceivably permit only single point attachment. In
this case, Ps = 1 and is constant, and we find
0Ino (Pb ~

+ In
Np7 Pb

In () =0;Ps=1

Inw— (PB+ 1) 12

(12)

as the equation for PB.

Note that knowledge of P Band Ps gives complete
information about the state of the polymer. We
shall in particular be discussing PB and the frac-
tion p

(13)

of polymer segments adhering directly to the sur-
face. We want to study these quantities as func-
tions of the model introduced and the parameter
values chosen. Explicit forms for w and © must
thus be established for each case.
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3. Configuration Count on a Z — S Lattice
(Hexagonal Lattice).—As first and simplest case
we shall consider the type of lattice illustrated in
Fig. 1(a) and (b). Each site may be occupied by
a chain segment and is surrounded by Z nearest
neighbors, i.e., there are assumed to be only Z
possibilities of arranging a bond between two
adjoining chain segments in the bulk of the system.
On the surface, for a chain constrained to stay en-
tirely within it, the coordination number reduces to
S. In the vicinity of the surface we may regard
the lattice as an array of layers of sites similar to
the surface layer with (Z — S)/2 ways of stepping
from one layer into the next and S possibilities of
staying within it.

With these definitions, the problem of counting
the number of arrangements on this lattice for a
random walk, which sets out from the surface and
returns to it after a certain number of steps, without
any of the intermediate steps reaching the surface,
can be handled in principle. In particular, if the
number of steps is small, there is no difficulty about
writing down the number of arrangements explic-
itly. We recall only that an adsorption loop of
P B segments corresponds to a random walk of PB
+ 1 steps from the surface and back into it, and
that we adopt the rule that in the placement of
the step from a segment k to segment (k + 1) only
the position of segment (k — 1) will exclude a site.
In this way, we arrive at the results of column 3,
Table I, where cases up to PB = 5have been treated.
The manner of derivation should be obvious.

Let us now consider the expression

«(Pb) = ( ~ S)2/Po(Z- DPo- 1 (14)
Putting!? = 12and<8 = 6 and equating (14)withthe
results of column 3, Table I, we can calculate / in
each case. The values/ found in this way are given
in the last column in the table. It is seen therefore
that expression 14 with f = 0.7 would be a reason-
able representation of co(PB) over the range con-
sidered. As it will turn out, moreover, that by
the use of (14) we arrive at values of P T which fall
within the tested range, we may regard (14) with /
= 0.7 as adequate to our purpose.

For @, as is easily seen, we may put

¢(Ps)y = S(S - 1)ps - 2¢gtPa (is)

where x is the segment adsorption energy, i.e., the
reduction in internal energy (in units of kT) per
segment occupying a surface layer site.

For P Band Ps we thus derive the following equa-
tions from (7) and (8), respectively

Pb -+ In%-——\+
Pb- 1 <8-1

In- Ps j = In In/ - *
Ps - 1
(16)

In =
(Ps - 1)

In(pe - 1) +

"\ (z- <sp8/(z - 108 - )2 07)
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Table |
Number of Configurations of an Adsorption Loop onaz — s Lattice
No. of segments Max. no.
in loop, P-Q of layers involved F Total no. of configurations Gj(Pb) /

(Z- SJs (Z - sy

(WXV -G -R)

Pwo5B)> (~i)-+,

- >)(

252 (5

I~ 2~ )w s

We note moreover that the conditions (9) and (10)
will be satisfied provided PB and P s are larger than
1. The results for the numerical case Z = 12, S =
6, are shown in Fig. 2.

We note in particular that PBis smaller than 5.5
for positive x and that more than half the segments
will be in the surface (p > 0.5) when the segment
adsorption energy x exceeds I/->{KT). The polymer
chains are thus flattened into the surface at rela-
tively small segment adsorption energies, and the
long loops predicted by the Frisch, Simha, and
Eirich model do not occur in this case. Further-
more, the dimensions of the loops are functions
only of the lattice parameters Z, S, and/ and the
adsorption energy x. The total length of the chain
P does not influence the character of the solution,
provided that it is large enough.

4, Configuration Count on a Cubic Lattice—

(@) The lattice which we have considered in the
previous section is the one customarily used in
polymer solution theory. For the consideration
of a variety of restricted random walks, such as
we now propose to do, it is not the most suitable
one, however. For this purpose we do better if
we consider the cubic lattice illustrated in Fig. 1-
(c). For each step on this lattice there are two
choices open in each of the principal directions,
i.e., with each step we progress either to the left or
to the right, up or down, backwards or forwards, by
a constant amount. Which choice is taken in each
direction is independent of the decisions taken in
the other two directions, or, in other words, the
random walks along the principal axes of the lattice
are independent of each other.

Let us therefore divide up our problem and con-
sider the random walks, along the norma] to the
surface layer, and parallel to it, separately. We
thus look for the number of configurations oon and
Up normal and parallel to the surface, respectively,
in the knowledge that

»(Pb) = &, (Pb)ip(Pb) (18)
for any combination onand «Preferring to the same
number of steps. A similar equation holds for w.

(~)'(zp -
55) " + )(V
. oLt

Adsorption Energy ,x (Units of kT).

Fig. 2.—Length of ad ptiop logp - .. and act
R R

(b) We have shown the progress of a linear ran-

dom walk in a direction normal to the surface in
Fig. 3(a). Along the abscissa we have plotted the
position relative to the surface, in units of lattice
distances. (One lattice distance corresponds to
half the length of side of the cube shown in Fig.
1(c).) Along the ordinate we plot the ordinal num-
ber of the segment under consideration. The one
dimensional random walk is thus pulled out, con-
certina fashion, along the ordinate of the figure for
our more convenient inspection. The lattice ex-
tends from —o° on the abscissa to position 1where
the outermost layer of lattice sites is assumed to
occur. Positions larger than 1 are empty of lattice
sites. The lattice sites at position 1, when occupied
by a polymer segment, reduce the energy of the
system by an amount xkT for each site filled.
If a stretch of polymer is totally adsorbed the
restrictions of the cubic .attice imply that only
every second segment can be at layer line 1. The
in-between segments muse return to layer line 0
and thus will not contribute an energy change.
What we shall call a randem walk in the surface is
in fact a succession of alternations between posi-
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tions 0 and 1 in Fig. 3(aJ. A totally adsorbed
stretch has only one configuration along the normal
to the surface and if it involves Pa segments will
contribute an internal energy change of (t/ 2)(7V +
1) units of kT. (Note, that, by definition, an
adsorbed stretch starts and ends in layer line 1)
For ¢..(/A) we thus have

~(Ps+)
¢n(Ps) = 6 (19)

In the case of an adsorption loop of P B segments
we know that it starts in layer line 1 and returns to
it in PB + 1 steps. While we must exclude all
occupations of layer line 1 by these Pb segments,
there is no objection to layer line O being occupied.
As shown in Fig. 3 the positions of the first step AB
and of the last step CD are fixed by these considera-
tions. The (Pb — 1) steps between B and C may
be taken anyhow, but are not allowed to reach
layer line 1. One of many permissible paths is
shown as the dotted line in Fig. 3(a). To count
their number we consider all paths between B and
C but place an adsorbing wall at layer line 1 to re-
move, from the total, all paths which touch it.
According to Chandresekhar9 we can find this
number if from all paths between B and C we sub-
tract the paths from B to the mirror image point C'
of C, taken with respect to the wall. We thus easily
convince ourselves that

(Pb - 1)!

+ l>
2Pb + i
@i)d'Pb(Pb + 1)'A (20)

where use was made of the Stirling approximation
to represent the factorials.

(¢) Using the same approach it is also easily
shown that the number of paths which go from the
surface, but, in | steps, do not necessarily return to
it, i.e., may reach any point from the surface with-
out touching or passing through layer line 1 (except
perhaps with the last step), is given by

rend) — ?\' HD'_ 1 odd
- |
( 2) .1 even
n m m
Z»1 (21
7 A7 (1)

(d) We shall in addition be considering cases
where not all outer layer line sites are adsorption

(9) S. Chandresekhar, Rev. Modern Phys., 15 1(1943)
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sites. In such cases it is not necessary to exclude
the outer layer to paths between adsorption points
as no energy changes are involved. The situation
corresponding to this model is illustrated in
Fig. 3(b).

The physical reality of this model depends on the
assumption that, given a loop of any length between
two adsorption sites, no other adsorption point
can be reached by the paths between them. We
shall later examine how valid this assumption can
be made, when this model will be discussed in
detail. Now we are concerned only with establish-
ing on(PB) for this case. Note that wn(Ps) for this
model is simply

;n(Ps) = ((Ps) = ex (22)

To determine con(PB) we proceed as before, for
the first and last step, but place the adsorbing wall
at position 2 (and the mirror image point C', con-
sequently, at 4) when considering the configuration
of the intervening (PB — 1) steps. We find

2 (Pb + i

«n(Pb) (Pb+ 3) "Pb+ 17, "Pb+ 17

2Pb+ 3
(2MAPB+ 3)(PB+ 1)A (23)

(e) In assessing the influence of the surface in
restricting configurations it should be recalled that
the total number of configurations for PB + 1 steps
in one dimension is 2-(+i. The restrictions which
apply to equation 20 thus reduce this number by a
factor 279 1P b(Pb + 1)'A. In terms of entropy
this represents a decrease by an amount k In [(2t) F2
Pbo(Pb + 1)'A] for each loop of length PB. Note
that this is in fact relatively little. Even if PBis
large, say of order 100, this loss in entropy could be
compensated for by a gain, in ether ways, of
about 8kT of energy.

If, moreover, we allow for the additional freedom
implied by equation 23, the entropy loss in a loop
of about 100 segments would be counterbalanced
by an even smaller energy change of about 6.5kT.
It should be clear therefore why long loops do not,
as a rule, survive the adsorption process if a small
energy gain per segment may be made in the sur-
face.

(f)  To round off this discussion we must find out
what happens in the directions parallel to the sur-
face and establish apand ;p. As the simplest as-
sumption to make we shall consider first that the
random walks in these directions are completely
uninterfered with. Under these circumstances

p(PB = (24)
¢p(Ps) = (25)

(@) To assume such a measure of freedom may,
however, be rather naive. It should be realized
that we have put no restriction on the configura-
tions, resulting either from multiple occupancy of
the same lattice site or from steric interference.
As a small step in this direction, and in order mainly
to test out the effect of having some such restric-

2+ )

22(Ps - »



Oct., 1962

tions put in, we shall consider limiting the possi-
bilities of return into the surface. What we have in
mind is illustrated in Fig. 4(a). The adsorption
loop depicted there is restricted by the assumption
that the outer layer surface sites within the shaded
area cannot be occupied by the returning loop.
The ends of an adsorption loop are thus constrained
to be at least d lattice distances apart.

We have already made use of the fact that the
number of configurations for a random walk of
(Pb + 1) steps, consistent with an end separation of
£ lattice distances, is given by

(Pb + 1)!

or, using the Stirling approximation, by

2P®+ i e-(/2APB: 1
(1M
If there is a separation & into one direction and

+£2 into another, independent direction, at right-
angles to it, such that

a2+ &= e

the number of configurations consistent with a
separation [ thus turns out to be
1 229pb+ «

(o ( ?/Z(PO + 1) (26)

(Pb+

where the factor Vi allows for the fact that there
are four ways of arriving at [E]. Expression 26
is thus the density of configurations reaching a
point a distance £ from the origin of the configura-
tions. If we integrate (26) over the whole area we
find, as expected, that

1 22pB+ )
JO e-fV2Pn+ i)2*£dE = 229pB+

*~(Pb+ l)

i.e., the integration gives the total number of con-
figurations (24). Here we wish to assess the num-
ber of configurations with end-points falling outside
a distance d from the origin. Applying (26), we
thus find, after suitable integration, that

«p(PB) = 229b+ i) e-d22(PB+ i) (27)
(h)  Another powerful restriction of the random
walk parallel to the surface would occur if not all
outer layer sites were adsorbing. We could visual-
ize, for example, that only layer points D lattice
spaces from each other could adsorb with an energy
effect (Fig. 4(b)). As can be seen, points A and B
of the adsorption loop shown in the figure are in
the surface, but they are so without an energy
effect. The end-point of a loop of P b segments will
thus be nD lattice distances from the origin where n
- 1,2,3,..., (Pb + 1)/D. The number of configur-
ations leading to a point for which £ = nD are given
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Position Normal to Surface in Units of Lattice Distances
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by (26) and since there are 8n points at distance nD
we have

(nD)2

2(Pb + 1)

5 (Po + 1)
8n 22(Pb + 1)
«,,(Pb) E T e
\ (Pb + 1)

(28)

It is obvious that the above is a very rapidly con-
verging series, provided

(Pb+ 1) < P, (29)

We shall break it off therefore after the second term,
and thus find

4 2pb+i) _ D2
«,(Pb) 2(Pb + 1) X
T (Pb + 1)

r ag 4

L1+ 2e~ 20 + DI (30)

We can now proceed to a discussion of explicit
cases.

5. Cubic Lattice; All Polymer Segments Ad-
sorbable; All Surface Sites Adsorbing; Return
into Surface Restricted.—As all surface sites are
adsorbing we cannot permit interior segments of
adsorption loops to enter the outer lattice layer.
Hence we shall be using (19) and (20) for «n and
«n, respectively. For «, and «p, in keeping with the
restrictions envisaged, we shall put (25) and (27),
respectively. We thus have

>(Ps) =

22(ps- « J (MB+y (31)

and
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for substitution into (7) and (8). These are then
solved for Pb and Ps-

Examining the restrictions (9) and (10) we find
that the solution is valid for

(Po + 1) 2(Pox 2= < 2d2 (33)
Pb2(Pb - 1).

only, so that, depending on the value of d, the
number of segments in an adsorption loop may not
exceed a certain value Po*. How this number
depends on the parameter d is shown in Fig. 5,
curve 2. Curve 1 refers to a hypothetical case,
analogous to the above, where instead of (20) for
an we have used (23). Internal segments of the
adsorption loops may enter outer layer sites in
this case. As such contacts would be energy con-
tributing, this is not a realistic model and was
plotted only for the interest the curve possesses
when the definition of the parameters is changed.
We shall discuss this presently.

The parameters p and Pb are plotted as func-
tions of x in Fig. 6 and 7 as curves 2 and 3 for the
casesd = 2 and d = 4, respectively. In Fig. 6, in
addition, we have considered the case d = 8, as
curve 4. Points at energy values x above the break
refer to Pb values below the critical given by (33).
Points below the break are a continuation of the
solution by the use of equation 11. They represent
a gradual dissolution of the adsorbed stretches into
loops of constant length P B*.

It should further be noted that we must have
Pb > d—1 (see Fig. 4(a)) as otherwise the adsorp-
tion loops could not span the excluded area. The
curvesford = 4and d = 8in Fig. 6 and 7 thus come
to abrupt stops beyond which adsorption is com-
plete on this model.

Note moreover that the abscissas in Fig. 6 and 7
have different meanings, although they refer to the
same model. In Fig. 6 we have averaged x over
the adsorbed segments, including those at layer
line 0 in Fig. 3. For the cubic lattice model, now
discussed, i.e., for curves 2, 3, and 4 in Fig. 6, the
abscissa is thus x/2. In Fig. 7, on the other hand,
we were interested in comparing the actual binding
strength of the surface interactions. The abscissa is
thus x in all cases.

It is interesting to note that increases in d
sharpen up the rapidity of the transition in the
value of p. As curve 4, Fig. 6, shows, an energy
change of 0.5/cP brings about a change in p from
0.03 to 0.97 when d = 8.

Note moreover that curves 1 and 2 in Fig. 6
which refer to entirely different lattices agree with
each other approximately, except at high p values
where P b is small and the models may be expected to
diverge. As pointed out in section 3, p is large, for
positive adsorption energies, and reaches about 0.75,
when the energy change per segment is one kT.
This is true for both curves 1 and 2 in Fig. 6,
which refer to the least specialized conditions.

We have so far assumed that temperature is con-
stant and that the different values of x correspond
to different systems. If AHAK is the energy change
in the adsorption of a segment, in conventional
energy units, we have
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AFAB
kT

X = (34)

and we may regard x as an inverse temperature, if
AE Afa is constant. The abscissas in Fig. 6 and 7
are thus proportional to I/T, and the changes ob-
served may be interpreted as agradual melting out of
adsorbed stretches of segments and their expansion
into loops, which increase in size with increase in
temperature. The breaks thus mark transitions in
the state of the polymer molecule at the surface.

6. Cubic Lattice. All Polymer Segments Ad-
sorbable; Not All Surface Sites Adsorbing; Return
into the Surface Unrestricted—We are discussing
the situation depicted in Fig. 4(b). No totally
adsorbed stretch larger than one segment can occur.
We are thus dealing with the case envisaged in the
last part of section 2. Ps = 1and we have equa-
tion 12 to solve for P B.

Remembering that under the conditions proposed
we must use (22) for w, and (23) and (30) for cnand
op, respectively, we have

co(l) = (35)
and
23(Pb +d Y[1+ 2F3]
<Pb) = Fx(2ir)'/n (36)
Té” (Pb+ 3)(Pb + )N
with
Y —exp bz~ (37)
_ 2(Pb+ 1).

Substitution of these into (12) then gives the desired
solution. The restrictions (9) and (10), moreover,
must be satisfied and it turns out that these re-
quirements are stronger than (29) so that the as-
sumptions made in deriving (30) will always be con-
sistent with the above solution.

The values which Pb can assume are bounded.
We must have PB> D — 1 (see Fig. 4(b)). On the
other hand the restrictions (9) and (10) set on upper
bound to P b, which may be read approximately
from curve 1, Fig. 5, if we interpret the abscissa in
terms of D, according to

V3

For the case D = 10 the solution is plotted as
curve 5in Fig. 7. Note the big shift along the
energy axis and the large P b values which are ob-
tained in this case. Ifx = 6, for example, PB in-
creases from about 1 (on a uniformly adsorbing
surface, curves 1lor 2), to about 40, in the case here
considered.

Apart from the approximations leading to equa-
tion 30 we have one further source of inaccuracy
in our derivation. We have permitted internal
segments of loops to occupy surface sites, as is
logical in this case. This, however, does not pre-
clude the possibility that an adsorption site, i.e.,
an active surface site, is on occasion occupied by an
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internal loop segment. Such configurations (which
we have included in the count) are not permitted.
Their number, however, is only a fraction of the
order \/D' of all the configurations and will be
negligible if D 1, as is here assumed.

7. Cubic Lattice; Not All Polymer Segments
Adsorbable; All Surface Sites Adsorbing; Return
into the Surface Restricted—We have so far as-
sumed that the segments into which the polymer
is divided are both of the right size to occupy one
lattice site and of uniform adsorption properties.
We shall now treat a case where the ability of the
polymer to adjust to the lattice is unchanged, but
only every Nth segment will, when in the surface,
make an energy contribution. All other segments
may occupy surface sites, but this occupation does
not involve an energy change.

Figure 4(c) illustrates what we have in mind.
Only the segments indicated by open circles are ad-
sorbing. The section of polymer chain we have
shown consists of two loops, as only segment B, but
not A, is adsorbable and changes the energy of the
system.

From the point of view of the adsorption process,
we shall, now, find it convenient to define as an
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adsorption segment only the adsorbable segment,
ignoring for the moment its (N — 1) immediate
non-specific neighbors. In Fig. 4(c) we have
shown 5 such adsorption segments. The first one
in the surface, then a sequence of two, out of the
surface, and then a sequence of two again, in the
surface. The treatment of section 2 can thus be
applied substituting only adsorption segments for
what we have called segments before. We will
indicate with primes all symbols, previously used,
but which now refer to enumerations in units of
adsorption segments.

We thus have the polymer adsorbed in stretches
of Ps' adsorption segments, all in the surface, and
in loops of Pb' adsorption segments, all out of the
surface.

An adsorption stretch is composed of (/V — 1)
loops of (N — 1) segments each. For each of these
loops of (N — 1) segments we use (23) for the
configuration count normal to the surface and (27)
for the configuration count parallel to it. For all
the (Ps' — 1) loops, which are attached at Ps'
points, we thus have

23wps' - 9N «
4 e-d2/2N

QiN*I NIAN + 2)J

w(AIPs") =

(v -1

exps’ (38)

The use of (23), in the above, implies that we
have permitted access to surface sites to the (N —
1) non-specific segments between each pair of ad-
sorbed adsorption segments. This is only reason-
able. If we wish to do the same for the [IV(PB
+ 1) — 1] internal segments of an adsorption
loop, however, we do not preclude the possibility
that in some configurations one or more of the PB',
supposedly non-adsorbed adsorption segments,
will be at the surface. This we do not want, and
it is necessary therefore to examine the situation.

Let G be the number of configurations normal to
the surface such that no undesired contact is made
in an adsorption loop of i adsorption segments.
Let Uj be the corresponding total number of con-
figurations where no adsorbable segment is ex-
cluded from the surface. Obviously fori = 0

ffo — flu
and is given by (23), if we replace Pb there by N
— 1. We have
ifo = f20 = 2*7 (39)
with
4 4
7 ~ (2x)VW'I(V + 2) ~ Qiry/Will (4N

For loops, involving a finite number of adsorption
segments, we have

S=ui -
®=fi, - 2fijo0+ SV
ih = n3- 2UX0+ 30~@- QU4 etc.

where it is easily seen that the terms in these ex-
pressions stand for successive over-corrections
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introduced in the effort to eliminate unwanted
configurations. Only with the last term in each
case is the final answer for 9, established. If we
now make use of the fact that

we can express the above series as expansions in
powers of 7.

- D
O = fii[l - 2.887]
i2= 02[1 - 3.677 + 5277
= g3[1l - 4.087 + 8A72- 87s] etc.

It follows from (40), however, that for large N the
parameter 7 1, so that the difference between

and i2 may be neglected. Using (23) and (27)
therefore without further modifications, we have,
with P Bthere replaced by

Pb= N(Pb + 1) - 1

the following expression for O

(41)

"(Pb'N) = 2»«v +Wr 2 X
{Im)
_ d2

e 2V(pb' + i)

V'/I(Pb' + 1)IAV(Pb' + 1) + 2] 2

Substituting (38) and (42) into suitably modified
equations 7 and 8 we can solve for PB' and Ps'.
An upper limit for PB' is found by using (42) in a
modified equation 9. From (38) and (10) it fol-
lows that Ps' > 1. Working out the corresponding
value of PB*, according to equation 41, we have
shown, as curve 3 in Fig. 5. what this restriction
implies. It is seen that much longer loops are
permitted on this model for the same value of d.

Beyond the point where the present solution
breaks down, we can perform the same sort of
analysis as in section 5 for totally adsorbable poly-
mers, by keeping PB' constant at Pb™*. We can
determine Ps' in this region by the use of an analog
of equation 11.

We have plotted the solution in terms of average
P B-values derived according to

p =(N- 1)PS- 1)+ NPb '+ 1) - 1
B 1+ [Ps'- 1]
N% + (N- 1) (43
as curve 4 in Fig. 7 for the case = 10,d = 2.

Much larger values are obtained at the same values
of x if we compare with the totally adsorbing chain.
It is obvious that PB = 9isan asymptotic limit and
represents total adsorption on this model. Note
however that the critical value of x, a;, which rapid
desorption begins, has risen from 0.33 (curve 2) to
about 2.5 in the present case.
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The curvature of the portion of curve 4 below the
break is due to the decreasing contribution of the
Pa’' loops to the average.
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macromolecule is large enough, the contact with
the surface will tend to split it into units, whose size
and structure are determined, only, by the nature

8. Cubic Lattice; Not All Polymer Segmentsand morphology of the surface and of the polymer

Adsorbable; Surface Only Spotwise Adsorbing;
Return into the Surface Unrestricted—The type
of situation we have in mind here corresponds to a
superposition of the surface in Fig. 4(b) and the
polymer of Fig. 4(c). We are thus considering a
fairly high degree of specific matching between
polymer and surface. Although this seems a much
more complicated situation, the concept of an
adsorption segment allows us to adapt equation 12
to the present case. For to and ® we make the
appropriate extension and find, in analogy to (35)
and (36)

O(NPs') = e* (44)
03(Fp' + DATV'fJ 1 oy'l]
«(HiV) = Flog T — e L (45)
16 N« [P+ + 1]Vz
where
Y' = exp b2 (46)
2N(Pb" + 1)J
and where, as before, we have replaced by R

on the assumption that N » 1, and where use
was made of (30) instead of (27) for ap.

Remembering that Ps' = 1 in this case and is
constant, we have plotted the results, expressed
as PB (equation 43), inthecase D = 10,N = 10, as
curve 6, Fig. 7. Considerably larger x values are
required for adsorption in this case, showing that
high adsorption energies are needed when the adsorp-
tion of a flexible polymer molecule is specific.

9. Cubic Lattice; End Effects—We have
all the preceding discussion assumed that the poly-
mer is so long that end effects can be neglected.
In particular, when writing down the accessory
condition (4) we have absorbed the number of
segments in the ends (assumed to be small) in the
constant P. If, however, we consider that there
are | segments in each of the two ends we should
modify (4) to read

m(PB+ Ps) +21 = P (47)

and include a term wed20 in Q, equation 3. For
ooed0 we may use the expression, equation 21,
derived before. The equilibrium of the system de-
mands in this case that

d2in a®
al2 °
From (21), however, we see that

d2in o(l) _

dl2 -~ 21»

and that therefore no equilibrium situation exists.
This means in practice that the ends of the chain
are in the surface.

10.

may be summarized as follows: Provided that the

n

molecule. The size of these adsorption loops and
stretches does not depend on molecular weight.

In cases where all surface sites and polymer seg-
ments are adsorbing and the molecule is reasonably
flexible, the adsorption loops are short and the poly-
mer molecule stays close to the surface, even if the
adsorption energies are low. At about one KT
energy change per interaction adsorption is almost
complete with more than 70% of the segments in
contact with the surface.

As the loops are short and most of the segments
are in the surface, the distribution of segments in
the vicinity of the surface has a maximum at the
surface itself and then falls off rapidly. Beyond
V2Pb lattice distances, no polymer segments at
all are found, but, already much closer to the sur-
face, the segment concentration is low. The ad-
sorbed polymer molecule is thus an essentially two-
dimensional structure and behaves rather like a
polymer molecule in a spread film.

When structural restrictions are put in, the quan-
titative details of this picture are altered. Changes
which limit the freedom of adjustment of the poly-
mer molecule to the surface increase the size of the
loops, thicken the surface adsorption layer, and in-
crease the energy requirements for adsorption.
This is very clearly demonstrated in Fig. 7.

Adsorption will occur even in sterically unfavor-
able cases, however, at segment adsorption energies
which do not have to be exceptionally large. At
room temperature the energy scale in Fig. 7 does
not exceed 8 kcal. per contact.

The steep portions of the curves in Fig. 7 mark
an abrupt change in adsorption characteristics.
Remembering that £ is a measure of the intensity
of interaction, we may interpret x, say, as an inverse
temperature. The results of Fig. 7 thus point to
the existence of a critical temperature at which de-
sorption takes place. In another way of looking at
the results one can conclude that mixtures of rather
similar polymer species could be separated, if an
adsorbent were used for which the x values of the
two species placed one slightly above, the other
slightly below, the desorption point. A separation
on the basis of composition and structure rather
than molecular weight would be achieved.

The analysis of section 2 is generally applicable
to all cases for which admissable models for @and
@can be devised. While the expressions given here
for @and <otake account of a number of situations,
and can be combined and modified, a variety of
further cases will result from the introduction of
specific restrictions tailored to the need of the new
problem. Interesting behavior patterns can thus
be analyzed by following this general line of ap-
proach. The application of these concepts to the
interactions between polymer molecules and sur-
faces of enzymes and other catalysts should be ob-
vious. Of interest in this connection is the point
made in section 9 that the terminal segments of an

Discussion and Conclusions.—Our results adsorbed polymer molecule have the tendency to

stay on the surface. If polymerization occurs at an
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interface the growing end of the chain will thus
always be in contact with the surface.

The over-all picture which emerges from this
investigation deviates in all essentials from the
conclusions of Frisch, Simha, and Eirich.3ad
Their predictions call for large P B-values, pro-
portional to the square root of molecular weight,
with p extremely small.

To understand the discrepancy we must review
their derivation of p. They identify p with the
average over the polymer of the probability p(r)
that a random walk, starting at the surface, will
have returned to it in r steps. To determine p(r)
they treat a random walk problem of r steps near a
perfectly reflecting wall and find that p(r) is a
function of the position of r from the end of the
molecule. Generating configurations in this way
they arrive at a p-value which depends on the in-
verse square root of molecular weight. A real
surface has the property, however, that the random
walk is not reflected, but can continue in it in two
out of three dimensions and that a small reduction
in energy per segment can compensate largely for
the entropy loss in the third. As compared with the
number of paths reflected from an ideal wall, the
real number of distinguishable paths leading the
rth element into the surface is far smaller. It is
heavily biased, however, in favor of configurations
in which many stretches have been spent in the
surface. These configurations are periodic sequen-
ces of, on the average, Ps segments in, and P B seg-
mentsoutof, thesurface. The probability p(r) does
not, therefore, depend on whether r is at a certain
total distance away from the end of the polymer
molecule, but whether or not it is one of the Ps seg-
ments of the period (PB + Ps) segments in which t
happens to lie. We are assuming here of course
that for most positions r on the polymer molecule,
(PB+ Ps)-

Frisch subsequently4improved this treatment by
considering a diffusion problem near a reflecting
wall exerting forces. His continued use of a re-
flecting wall, however, did not eliminate the over-
count of what are in fact indistinguishable con-
figurations. Insufficient allowance was made, more-
over, for the energy rich configurations which snake
along the surface.

A correction for this latter effect was recently
introduced into the Frisch model by Higuchi.7
A set of difference equations was found which ex-
plicitly considers the conditions prevailing at the
wall, in the layer adjacent to it, and in layers deeper
in the solution. A square well potential is intro-
duced to mark out the first layer. The use of re-
flecting wall statistics, however, still biases this
picture in favor of the loops and the anchor-like
drag of the adsorbed stretches on all configurations
is thus not brought into sufficient prominence.
Although much larger values of p are now pre-
dicted, they still depend on molecular weight and the
adsorption energies, at which they are presumed to
occur, are large enough to require the stipulation of
a definite mechanism such as hydrogen bonding.

With p determined as described above, the
further treatment of Frisch, Simha, and Eirich in-
volves the solution of a problem analogous to

r »
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equation 3 but with

o(Pb)
¢(Ps) = pPs

It is thus assumed that the probabilities of being in
and out of the surface are constant over the seg-
ments and equal to the averages. Working this
out one finds PB = 1/p and Ps = 1/(1 — p) as
was to be expected. The large PB values thus cor-
respond to the small p-values derived.

It is of interest that recent experimental work
supports the view that p is large (of the order of
0.5) and that most adsorption properties become
molecular weight independent at high enough mo-
lecular weight. As concentration and solvent effects
are involved, however, discussion and comparison
with experiment will be deferred to Part I1I.

Some of the recent observations of Fontana
and Thomas®D are, however, of particular in-
terest. These authors worked with a number of
long chain alkyl esters of polymethacrylie acid.
Studying the adsorption on silica they could arrive
at p by a spectral method which distinguished be-
tween the number of bound and free CO-groups.
They find p-values of about 0.4. By studying sedi-
mentation rates of carbon black particles coated
with these polymer molecules the surface layer
thickness was determined and turned out to be
about 25 A. When a 1:5 copolymer of vinylpyr-
rolidone and alkyl methacrylate was tested, how-
ever, much thicker layers were found, in qualitative
agreement with our expectations for a spotwise
adsorbable polymer.

1 - p)Pa

Nomenclature
P : no. of segments in the polymer molecule
Pb: no. of segments in a hanging absorption loop
Ps: no. of segments in a stretch of totally ad-
sorbed segments
to: no. of repeating periods into which the poly-
mer molecule is broken up

P

APAds: energy change per segment placed at an ad-

sorption site
x: adsorption energy in units of kT

APaik

Z : coordination number of bulk lattice
S: coordination of surface lattice

m(i) : no. of loops of length i segments, all out of
the surface
m(J): no. of adsorbed stretches of length j seg-
ments all in the surface
hm\ =
Sto, =
(10)  B. J. Fontana and 1 R. Thomas, Phys Gem, 65, 480

(19G1).
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w(i)\ no. of

O

wa(i):

ap(i):

x O

2(m0 + SOwij) = p

configurations  (distinguishable
paths), weighted with any Boltzmann
factor, which lead away and back to the
surface under the restrictions imposed, in
(i + 1) steps

no. of configurations (distinguishable
paths), weighted with any Boltzmann
factor, for (j — 1) steps taken totally in
the surface

no. of distinguishable arrangements,
weighted with any Boltzmann factor, of
(i + 1) steps taken in a direction normal
to the surface, under the restrictions im-
posed

no. of distinguishable arrangements,
weighted with any Boltzmann factor, of
(i + 1) steps taken parallel to the surface
under the restrictions imposed

w(i) = wn(i)wp(i)

: no. of direct line lattice distances separating

adsorption points on a spotwise adsorb-
ing surface

. no. of segments per adsorbing segment in a

spotwise adsorbable polymer molecule

: minimum no. of lattice distances separating

the ends of an adsorption loop

. partition function
: Lagrangian multiplier
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Pb*:

PB:
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no. of lattice distances separating the ends
of an adsorption loop

no. of segments in a terminal adsorption
loop

: partition function over all internal degrees

of freedom of each segment

. factor expressing influence of surface restric-

tions, per segment, on short loops on a Z,
S lattice

. fraction of total number of segments ad-

sorbed to the surface

. see equation 37 for definition
. see equation 40 for definition
. no. of configurations normal to the surface

for a loop of a spotwise adsorbable poly-
mer molecule of i adsorption segments, all
internal segments being permitted access
to surface sites

no. of configurations normal to the surface
for a loop of a spotwise adsorbable poly-
mer molecule of i adsorption segments,
only non-adsorbable internal segments
being permitted access to surface sites

maximum no. of segments in an absorption
loop

av. no. of segments in polymer molecules
where different size loops co-exist

Where any of the above symbols appear
with primes they refer to an enumeration
in terms of adsorption segments.
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PART IlI. THE

THE ADSORPTION ISOTHERM

SURFACE TENSION, AND PRESSURE1

By A Silberberg?2
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1.  Introduction

From the experimental record a fairly clear pic-
ture can be drawn today of the behavior of flexible
macromolecules at interfaces. The most extensive
data cover the adsorption from solution at solid
surfaces, 3 20 some information exists about adsorp-
tion from aqueous solution at the mercury sur-
face,2r22 only a little is known about the surface
tension of polymer solutions,23- 2 but a great deal
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more has been learned about spread films. 263l
Curiously enough essentially the same model can
account for the behavior of macromolecules under
these seemingly very different conditions.

Let us now review the established facts of poly-
mer adsorption; facts which any theory must be
able to predict and explain. First at solid sur-
faces (or at the mercury interface):

(@ The amount of polymer adsorbed per unit
surface increases extremely rapidly with polymer
concentration of the equilibrium solution and then
reaches a plateau value which does net, change ap-
preciably with further increase in bulk concen-
tration.4* 817 19212 In some cases, particularly
where high molecular weight material is used, the
initial rise in adsorption occurs at concentrations
too small to lie detected and the plateau extends
over the entire experimentally accessible range of
concentrations.11s7,19

(b) The adsorption ismolecular weight depend-
ent. The amount adsorbed increases with molecular
weight at small molecular weights.4* 8101214131912
As the molecular weight increases, however, the
amount adsorbed tends to a limiting value, i.e.,
it becomes less and less dependent on the size
of the macromolecules and eventually at high
enough molecular weights no further dependence
can be detected.67-17212 Use can be made of this
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effect to fractionate polymer samples of not too
high molecular weight.*?

(e¢) The polymer molecule is adsorbed with a
large number of its segments in direct contact with
the surface.l416.17.21=28  The fraction, p, which
these segments constitute of the polymer molecule
is of order 0.5 and depends little on molecular
weight!7.21.22 and is practically independent of the
concentration in the equilibrium bulk phase and of
the fraction 6 of the surface covered by the adsorbed
polymer segments.’” It is, moreover, largely inde-
pendent of the nature of the solvent used!®'” and
even of the adsorption characteristics of the surface.

(d) The polymer molecule is broken up, by
contact with the surface, into short sequences of
segments; stretches of segments all in contact with
the surface alternating with loops of segments all
out of contact with it. As the loops pending into
the solution are short, the adsorbed polymer layer
is often only some 30 to 50 A. thick.!4.16.17,20

(e) The temperature dependence of adsorption
is small, indicating that moderate adsorption ener-
gies only are involved.5.!2.-5181  Both positive
and negative coefficients have been found, adsorp-
tion in some cases increasing and in others decreas-
ing with increase in temperature.

(f) The amount adsorbed from a solution is
largest when a poor solvent for the polymer is used
and decreases progressively with increase in sol-
vent power.®—7.9,12,17—19 This again shows that
the segment adsorption energies are small, of the
order of van der Waal’s interactions in most cases.

(g) Equilibrium takes a very long time to
establish,?2.8.7.9,14,15,23=25 particularly with high mo-
lecular weight samples. In fact some of the early
published data may be in error due to this factor
not being properly appreciated. (For a discussion
see Irisch, Hellman, and Lundberg.'5)

(h) The adsorbed polymer layer is often
impossible to remove by washing with pure
solvent.!1.12,141520  Fyen increasing the temperature
of extraction may be only partially successful..19.20
Irreversibility has therefore beensuspected. Itisto
be noted, however, that when the change is made to a
better solvent the polymer can be removed.”.!21
We shall be able to show that the difficulty is only
a practical one and in no sense implies that the
phenomena cannot be treated by equilibrium
thermodynamics.

(3} The adsorption data can in general be fitted
to a Langmuir isotherm,®12.14.1%.17 the best straight
lines being obtained for the highest molecular
weights. 4

The facts which emerge from measurements of
surface tensions and surface pressure of spread
films (at relatively large areas per molecule) may be
summarized as follows:

(k) The surface tension of a polymer solution
does not change appreciably with changes in
equilibrium bulk concentration.?* ~3* Such changes
as do occur are most pronounced for the low mo-
lecular weight fractions.?® Taking the surface ten-
sion of the pure solvent as reference, the surface
tension of a solution of given concentration is
most affected by the highest molecular weight
solute.?3.25  Both increments and decrements have
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been observed, but usually the surface tension is
lowered.

(1) The surface pressure = of a spread film
plotted against the area A per monomer is practi-
cally independent of molecular weight.?.% When,
however, A tends to infinity, the intercept of a =4
against 1/4 plot, theoretically, gives the molecular
weight of the polymer.”® While this method has
been applied successfully in many cases®.? it is
sometimes found to be unreliable.

On the theoretical side adsorption isotherms
have been derived for rods by Mackor and van der
Waals?®? and for stiff and flexible polymer mole-
cules with all segments in the surface by Sarolea.??
Flexible macromolecules, of which not all segments
are necessarily in the surface, have been treated by
Frisch, Simha, and Eirich.?*—3% In their approach
they first considered the equilibrium of the isolated
macromolecule at the surface and derived parame-
ters characterizing its shape. According to these
considerations the molecule is attached to the sur-
face with only a very few of its segments. Most of
the other segments are in very large loops whose
size increases with the square root of the molecular
weight. The parameter p, on this model, is thus
very small, and the surface film thickness, large.
The thermodynamics of adsorption are then treated,
but the shape of the polymer molecule is not allowed
to vary in the process. Within the limitations of
this restriction an isotherm is arrived at® which
reduces to the Sarolea isotherm3® under the ap-
propriate parameter changes. Both the Frisch-
Simha isotherm and the Sarolea isotherm explain
the plateau behavior (point (a) in the above enu-
meration) but cannot account for most of the other
phenomena observed, particularly the large values
of p (point (¢) above) and the molecular weight de-
pendence of the plateau (point (b) above).

In view of the generally unsatisfactory nature of
these theoretieal formulations a valuable qualitative
discussion of the molecular weight dependence of
the amount adsorbed has recently been given by
Perkel and Ullman.’® Various possible shapes of
the adsorbed polymer molecule were considered
and the molecular weight dependence to be expected
under the circumstances worked out.

Frisch and Simha?.3 have also derived expres-
sions for surface tension and surface pressure.
Their latest surface equation of state, derived from
their corrected thermodynamie treatment, reduces
to the Singer® equation of state for flexible macro-
molecules with all segments in the surface when the
appropriate parameter changes are made. For the
more usual case, where some of the segments pend
into the solution and the results depend, critically,
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upon the polymer shape, their model again becomes
inadequate.

A new approach has thus been attempted in the
present series of papers.

In Part 1% we have discussed the behavior of the
isolated macromolecule at a surface and could show
that interaction with the surface will cause the
polymer molecule to adopt a shape where there are
short stretches of segments all in the surface con-
nected together by short loops pending away from
it. The parameter p thus tends to be large. The
length of the fully adsorbed stretches and the
length of the adsorption loops are independent of
molecular weight, in other words, the shape of the
polymer molecule at the surface is not influenced by
its length. Only the adsorption energy, 7.e., the
energy change per segment brought into contact
with the surface, and various steric factors specific
to the type of lattice, or to the structure of the
polymer molecule, can affect its shape. Segment
adsorption energies of the order of kT are quite
sufficient to flatten the polymer molecule almost
completely into the surface in most cases.

The picture which emerges for the isolated macro-
molecule is thus rather different from that predicted
by the Frisch, Simha, and Eirich model, and al-
ready accounts for a number of the experimental
observations, notably, that the parameter p is
large, that the adsorbed film is thin, and that the
segment adsorption energies are small. Moreover,
the molecular weight independence of the plateau
adsorption value at high molecular weights is a
reasonable and necessary consequence of this type
of adsorption behavior, as the Perkel and Ullman'®
discussion shows. Solvent effects have been ig-
nored, however, and the equilibrium with poly-
mer molecules in the bulk solution not taken into
account, It is the main purpose of the present
paper to introduce these factors into the model.

In section 2 we shall define the parameters
characterizing the system and formulate the method
of approach. Much will depend on an appropriate
configuration count in which due allowance has
been made for the mixing of differently sized units
on the type of lattice we shall be considering. A
useful approach to this problem will be proposed in
section 3 and then applied to the surface phase in
section 4. In section 5 we shall discuss the energy
of mixing and in section 6 write down explicitly the
equations governing the equilibrium of the system.
From this, using the formulation of section 2, we
can derive a revised system of equations (as com-
pared with Part I%) for determining the shape of
the polymer molecule, and expressing the adsorp-
tion isotherm, the surface tension, and surface pres-
sure. In section 7 we shall discuss the nature of
the adsorption isotherm determined, and its de-
pendence on the various parameters introduced.
In section 8, similarly, we shall discuss surface
tension and surface pressure. The mostly excellent
agreement of these predictions with experiment will
be analyzed in section 9 and the appropriate con-
clusions will be drawn in section 10.

Note: In order to avoid breaking up the text with
long equations we have collected these in an Ap-

(40) A. Silberberg, J. Phys. Chem., 66, 1872 (1962).

A. SILBERBERG

Vol. 66

pendix at the rear and will refer to them by a num-
ber, prefixed with the letter “A.”

2. General Formulation of Problem.—(a) In
Part I* we have considered the behavior of a
flexible macromolecule on a number of differently
restricted lattices. One of these lattices was
characterized by a coordination number Z in the
bulk and a coordination number S on the surface.
We saw that in this case a rather simple formula
may be derived describing the configuration count
of a polymer molecule adsorbed to the surface.
For this reason, and as it is also the lattice generally
considered for polymer solutions, we shall base our
present derivations exclusively on this model.

The following are then the essential characteris-
tics of this lattice: Each lattice point may be oc-
cupied either by a polymer segment, or by a sol-
vent molecule. Any segment or solvent molecule so
placed is surrounded in the bulk by Z nearest
neighbors with whom it stands in interactions and
in the surface by S such nearest neighbors. (An
illustration is given in Fig. 1(a) and (b) of Part
1.9) Only the placement of the segment immedi-
ately preceding a selected segment in the chain will
specifically exclude a site in the placement of the
next segment.

We now consider a polymer molecule in contact
with the surface. We know that it is split up by
this contact into sequences of segments which are,
alternately, in and out of the surface. We have
illustrated this schematically in Fig. 1. We recog-
nize that if there are m sequences of segments per
polymer molecule in contact with the surface there
will be, as drawn in Fig. 1, (m + 1) sequences of
segments pending into the solution. Let there be
Py segments per sequence in the surface and Py
segments per sequence out of the surface. As our
treatment in Part I has shown we can assume that,
at equilibrium. the values of m, Ps, and Pp will be
uniquely characterized. For us at present it is more
convenient to change variables and to recognize
that there are four different kinds of segments in the
polymer molecule. There are m segments which are
adsorbed and stand at the head of sequences.
These we have indicated by black squares in Fig. 1.
There are ¢ segments which are adsorbed, but do
not stand at the head of sequences, shown as
black circles. There are m -+ 1 segments at the
head of loops, shown by open squares, and u seg-
ments not at the head of loops, shown by open
circles. If P is the total number of segments per
polymer molecule we have

P=2%m+1+u-+t (1)

As P, m, u, and t are very large numbers we could ne-
glect small numbers, 7.e., the 1 in equation 1, in com-
parison with them. For the consideration of certain
limiting cases, however, it will be important not to
make this approximation too soon. We shall,
therefore, retain these small corrections in our
fm;imulas and make the simplification only at the
end.

With these new definitions (see Fig. 1) we now
find

ps ="t @)
m
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m-+14+u
= 3
Ps —— 3)
_m—l—t_mPsN Py @
- P P T Ps+ Ps

where p is the fraction of segments in direct contact
with the surface as already mentioned.

We have seen® that the number of distinguish-
able configurations of the polymer molecule on the
surface under these circumstances is (neglecting
energy factors) given by

(5]

ists = o= (F55) @ -y | =

_ 2m 4 1

®)m (S —1t-m (5)

where f is a constant, for Pg not too large (Pg <

5), and has the value 0.7 when Z = 12 and S = 6.

It is obvious how the factor S= (S — 1)—= for the
adsorbed stretches is arrived at. It is also clear
that there should be a factor [(Z — S)/2]= +1,
The factor (Z — 1)* would be operative if all ar-
rangements of the % non-head loop segment were
equally permitted in the coérdination sphere of
their predecessors. In a loop, this is not possible,
however, and we recognize f, therefore, as the factor
which introduces the restrictions imposed by the
presence of the surface on the arrangement possi-
bilities of the (m + 1 + u) segments in loops. Itis
reasonable, moreover, to suspect that special re-
strictions may occur every time the chain enters or
leaves the surface. For this reason we introduce an
additional restrictive factor g for each such transi-
tion and find in place of (5) the following configura-
tion count

7 _ g\2m+1
¢1,s=<-——2—> X

g2m(Z_ 1)ufm+1+uSm(S_ l)t—m (6)

to characterize the polymer molecule at the surface.
For the polymer molecule in the bulk the corre-
sponding expression is obviously

W =4 — 1)P=2 = Z(Z — 1)tm -1 +ute
)

(b) Let us now assume that the lattice has Ng
surface sites and that there are Np polymer mole-
cules adsorbed to it. If there are in addition Np*
unbound polymer molecules and Np; is the total
number of polymer molecules, then obviously

Np, = Np» + Np* €

We will find that, in general, the concentration of
polymer segments in the bulk phase is low, much
lower in fact than the concentration set up in the
vicinity of the surface by the polymer segments
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P=2m+l+u+t

No, = (Ng+Ng-PNp)+ NG

Np, = Np +Np

Fig. 1.—Schemaitic representation of adsorbed polymer and
surface phase.

deriving from the adsorption loops. Itisreasonable,
therefore, to treat that portion of the bulk lattice
into which the loops are penetrating as a separate
solution of much higher concentration. The num-
ber of layers of lattice sites near the surface af-
fected in this way is taken to be yPp (see Fig. 1).
It is reasonable to assume that

= - 9
T =3 )
but we shall leave 4 explicit in our formulas.
Only when quantitative evaluations are sought will
we make use of (9). There are consequently

Np = yP3sNs (10)

lattice sites in the surface adjoint bulk phase and
we can define

_ (1 — p)PNp
Ng

