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THE INTERNAL STRUCTURE OF COLLOIDAL CRYSTALS OF 0-FeOOH 
AND REMARKS ON THEIR ASSEMBLIES IN SCHILLER LAYERS

B y John  H. L. W atson  and  R. R. C a r d e ll , Jr ., 
E d s e l  B .  F o r d  I n s t i t u t e  f o r  M e d i c a l  R e s e a r c h ,  D e t r o i t  S , M i c h i g a n  

and  W ilfried  H eller

D e p a r t m e n t  o f  C h e m i s t r y ,  W a y n e  S t a l e  U n i v e r s i t y ,  D e t r o i t ,  M i c h i g a n

Received March 6, 1962

I t  is shown how ultrathin sectioning of colloidal crystals can be applied to electron microscopical studies of their structure The technique is described and applied to tactoid-forming deposits of 0-FeOpH crystals. Cross sections of the single crystals show that they are square and remarkably uniform with a side of about 550 A. Their mutual orientation has been maintained during specimen preparation and the crystals are shown to exist in an orthogonal array. A structure is demonstrated w i t h i n  the crystals, which is shown to be most probably that of an oriented bundle of loosely packed rods, also in an orthogonal array, wherein the repeating distance is about 60 A. The long rods are themselves crystals and are referred to as “sub­crystals,” regularly arranged within the conventional crystal. They are about 30 ±  5 A. thick, separated by about the same distance. Electron micrographs illustrate evidence for the substructure from both longitudinally and cross sectioned crys­tals, as well as unsectioned crystals. An example of fringes 11  A. apart ( ± 1 0 %) is shown, ir. good agreement with the a  dimension (10.48 A.) in the tetragonal unit cell. 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 in the a  and 6 directions and in this sample about 14X more rapid growth in the c direction. There is some evidence to support the view that the subcrystals might be hollow rods. Pertinent observations also are reported concerning the occurrence cf twins and other irregularly shaped crystals (somatoids) among the /3-FeOOH crystals.
Introduction

The purpose of this paper is twofold: (a) to
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 work1 to discover what information 
might be derived from them concerning (a) the 
packing of crystals of /3-FeOOH2 in 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. The work is part of a larger, con­
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).

(c) the fine structure, if any, of these crystals 
From such data one can hope to derive, in 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, Comvt. rend., 201 831 (1935).
(5) V. Kohlschiitter, C. Egg, and M. Bobtelsky, ft eh. C'him. Acta., 

8, 457 (1925).
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Fig. 1.—Unsectioned, whole crystals of /3-FeOOH, X50,000, 80 kv. electrons. (In each figure, unless indi­cated otherwise, the line represents 0.1 /».) The insert shows the appearance of a true twin (clear arrow) com­pared with that of overlapping crystals (solid arrow), X 77,000.
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-FeOOPI crystals are known to form tactoids of 
smectic symmetry3 * * under proper conditions,6 which 
manifest themselves as regularly layered sediments,

(6) “ Proper conditions” for the formation of /S-FeOOH crystals in 
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 j .

“ 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 =  10.5 A., c =  3.03 A., in correc­
tion of the dimensions previously given by0Milligan 
and Weiser, a =  5.28, b =  10.24, c = 3.34 A. Milli­
gan and Weiser were the first to identify the pre­
viously unknown crystalline compound |8-FeOOH.10 
More recently, A. L. Mackay11 and others12-13 
confirmed and improved the values given by Kratky 
and Nowotny. Mackay’s values are a tetragonal 
unit cell of a =  b =  10.48 and c =  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.14

Specimen Preparation
The experiments were carried out with colloidal disper­sions of (3-FeOOH which contained schiller layers. The particular specimen described in this paper was one which had an FeCh concentration of 2.34 mmoles/1. and was em­bedded 326 days after its original preparation .15 The specimen had a measured average length of 234 ±  23 m,u, an average width of 60 ±  10 rn.fi, and an average ratio of length to width of 4.0 ±  0.3. With minimal disturbance of the layers, the supernatant sol (actosol) was removed by pipet. With extreme care, absolute alcohol was added and after some time the supernatant liquid was removed again. Several such changes were effected over a period of 12 hr. in order to ensure maximum dehydration of the material. The alcohol of the final change was replaced by a 3 : 1  mixture of catalyzed ?i-butyl to methyl methacrylate and several changes of the methacrylate mixture made to ensure complete replacement of alcohol by methacrylate. Polymerization of the methacrylate about the crystals was accomplished a t

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. Chem. 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).
(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- 
FeOOIi Crystals.” Master’s Thesis, unpublished, Wayne State Uni­
versity, 1962.
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80° over 24 hr. Small pieces of the methacrylate-embedded crystals were cut off, mounted in wax fused to 1/8 in. diam. blocks, and trimmed for the ultrathin sectioning procedure. Both a Porter-Blum and an L.K.B. ultramicrotome were used with both polished diamond and glass knives to cut ultrathin sections which were approximately 0.01 fi thick. The thin sections were mounted upon carbon-coated parlo- dian on Athene #100 specimen grids and viewed both with an R.C.A. modified EMU-2B electron microscope at magni­fication from X 8,000 to X 18,000 and ultimate resolutions of 
about 15 A., and with a Siemens’ Elmiskop I at from X20,000 to X 160,000 and maximum resolution of about 7 A.

Observations
Figure 2 shows a typical section of an array of 

/3-FeOOlI 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
quently, 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,” 14 a 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

of /3-FeOOH, X90,000.

A. B.
Fig. 3.—Sections of /3-FeOCH crystals a t higher magni­fication to show their internal structure. A. A crystal sectioned a t an angle significantly less than 90°, showing lines parallel to the sides, X 280,000. B. Four crystals sectioned a t such an angle that lines along the d i a g o n a l s predominate, X 250,000.

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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Pig. 4.—An approximately longitudinal section of a group of /3-FeOOH crystals, X 410,000. This section is inclined somewhat toward the diagonal of the orthogonal crystals, 
so that their apparent widths (580 A.) are somewhat larger than they would be if they had been sectioned parallel to a 
side (550 A.).

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

Fig. 5.—A composite of crystals sectioned a t intermediate angles. A. Sectioned obliquely through the tip of a crystal, X 280,000. B, C, D. Sectioned as thin fragments, B X326.000, C X344.000, D X326,000.
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
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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

A. B. C.
Fig. 6 .—Approximate cross sections of /3-FeOOII crystals a t high magnification to show mottled appearance, and arrangements of “holes” over the sections, X364,000. A. The sides are slightly bowed. B. The corners are stepped. C. The central area contains curved lines of “holes,” as well as holes in straight line arrangement.

Fig. 7.—-A drawing to illustrate a probable structure for the crystals.

Fig. 8 .—An electron micrograph of an approximate cross 
section of 0-FeOOH crystals, to show fringes 10 to 12 A. apart, X 800,000.
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 
/3-FeOOH sectioned at 90° to the c direction. These
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Fig. 9.—A drawing to illustrate a possible structure for the crystals wherein the subcrystals are h o l l o w  rods, more closely packed than in Fig. 7.

Fig. 10.—An electron micrograph of a typical hollow rod, often found in suspensions of /3-FeOOH crystals, X 93,000.
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 Mackay11 it 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 b directions (and consequently, a 
square cross section) and a 14-times16 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) In order to have the unit cells form a crystal where the mean 
ratio of their length to their width is 4.0 (the crystals of Fig. 1), the 
rate of build-up of unit cells in the c direction would have to be [10.5/ 
3.03 J X 4,0 times as fast as in the a or b directions.

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 large range ofo _
outside diameters, from 110 to 2000 A., with oa 
mean of 440 A. and a standard deviation of 280 A. 
The single fibero shown 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.17-18

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 
sub crystals 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.

DISCUSSION
J. L. Shekeshefsky (Howard University).—From the microphotographs it seems that while there Is considerable variation in the length of the crystals, the cross sections seem fairly uniform and almost constant. Have you con­sidered this, and have you an explanation for the latter?
J. H. L. W a t s o n .—It appears that once the crystals have 

grown to a certain thickness (a side of about 550 A.) they stop growing in these directions and grow only (or more
(17) “ Growth and Perfection of Crystals,” R. H. Doremus, B. W. 

Roberts, and David Turnbull, Eds., John Wiley & Sons, Inc., New 
York, N. Y., 1958.

(18) T. F. Bates, F. A. Hildebrand, and A. Swineford, Am. Min­
eralogist, 35, 463 (1950).
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rapidly) lengthwise. Actually, as described in the text, they grow 14X faster in the c than in the a  or h directions. In the a and b directions they grow at equal rates.
A. B aidens (du Pont Company).—Are X-ray diffraction patterns sharp or broad? If they are broadened, then what is the approximate diameter of the diffracting crj-stalline region?
J. H. L. W atson .—The X-ray diffraction pattern lines are broadened but not extremely so. We have not cal­culated particle sizes from line broadening.

A. S. M ichaels (Massachusetts Institute of Technology). —Is there, perhaps, a parallelism between the apparent “single crystal” character of d-FeOOH tactoids, and the same character of hydroxyapatite sub-crystals formed within collagen fibers, as reported by M. Glimscher and his Colleagues of Massachusetts General Hospital?
J. H. L. W atson .—In principle there is no reason why any crystal might not form tacioids if the proper conditions for such formation are established. I t  is precisely these “proper conditions” for /3-FeOOH which are under investi­gation in our work.

I N V E S T I G A T IO N  O F  A  F I R S T -O R D E R  S L IP -F L O W  C O N T IN U U M  A N A L Y S IS :
T H E  T H E R M A L  F O R C E 1

B y James R. B rock

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g ,  T h e  U n i v e r s i t y  o f  T e x a s ,  A u s t i n ,  T e x a s

Received March 12, 1962

Comparison of an equation for the thermal force on aerosol particles, derived by a first-order slip-flow continuum analysis, with experimental thermal force data reveals .that the analysis breaks down for Knudsen numbers greater than 0.25. Evalua­tion of first-order slip-flow coefficients from thermal force data is discussed. Numerical values of the slip-flow coefficients are reported for several gas-surface systems.
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,3a 
between a previous continuum theory3b 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,4 l/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 (l/a) >  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 Sci., to be published.
(3) (a) C. F. Schadt and R. D. Cadle, J. Phys. Ckem., 65, 1689 

(1961); (b) P. S. Epstein, Z. Physik, 54, 537 (1929).
(4) l is. the molecular mean free path and a is the radius of the aero­

sol particle.

K  = thermal force
a  =  radius of aerosol particle
h i  =  thermal conductivity of gas surrounding particle 
k.s =  thermal conductivity of particle 
V T a ,  =  uniform temp, gradient, large distance from particle
T  =  absolute temperature
p  =  mass density
m = coefficient of shear viscosity
c,., =  tangential momentum first-order slip coefficientct = temp, jump first-order slip coefficientCtm = thermal creep first-order coefficient
In comparing eq. 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 ctm were first developed 
by Maxwell6a and Knudsen6b 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 th ermal force has been taken

(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,” Pergamon Press, 
New York, N. Y„ 1960, pp. 276-292.
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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, Ct 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 cm a 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, cm is given by

X1 ( 1 — X2« m)
(2)

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 arA can be found in various sources.7’8 
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 ^

certainty and must be regarded as subject to ex­
perimental determination.

In view of the fact that Ot and am are 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 observed9 that 
at and am are 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

a(—)
\ C y fJ ,/  .

ct ~  /  i ï \  vCm,exptl.) (4)
(t +  l)

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,7 ctm is

_ ? YA
!tm ~  4  \ i r T )

(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 ctm can 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

1*1
a
Ï +  3cm

|vT„|a25

(1 ~  X2at) hCt — -̂ Ai “ '
X3at (1 +  y)cviu

(3)

where y  is the ratio of the heat capacity at constant 
pressure to that at constant volume, cp/c v. X1; 
X2, and X3 are 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) I. Estermann, in “ Rarified Gas Dynamics,” Pergamon Press 
New York, N. Y., 1960, pp. 38-53,

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 limit of eq. 6 as 
Z/a—►0. This value is independent of any esti­
mated value for ct-t and therefore Ctm can then be 
evaluated from experimental thermal force data 
at sufficiently low (l/a) and experimental values 
of cm, fcf, and kB.

Equation 1 can be rearranged further to give eq. 7
(9) S. A. Schaaf and L. Talbot, “Mechanics of Rarified Gases,”

NAVORD Report 1488, Vol. 5, 1959,
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Fig. 1.—Intercept determination of t  for the data of Rosen­blatt and LaMer.11
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Fig. 2.—The predicted linear relation of eq. 7 for the data of Rosenblatt and LaMer.11

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, 
eq. 6 and 7, are in agreement, then the estimated 
value of ct is the correct value.

Therefore, experimental thermal force measure­
ments at sufficiently low l/a provide a useful 
technique for determination of the slip-flow co­
efficients ct and Ctm.

Fig. 3.—Departure of experimental data from first-order slip- flow continuum analysis for data of Rosenblatt and LaMer. 11

Fig. 4.—Departure of experimental data from first-order slip- flow continuum analysis for data of Schmitt.12

Various experimental thermal force measure­
ments have been reported.3a'10-12 Of these meas­
urements, only the data of Rosenblatt and LaMer 
were taken at sufficiently low l/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 
determination13 of the thermal conductivity of 
TCP was used in the calculation by eq. 6 of the 
value of e reported 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) O. B. Cecil and R. H- Munch, Ind. Eng. Chem., 48, 437 (1956).
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Fig. 5.—Departure of experimental data from first-order slip-flow continuum analysis for data of Schadtand Cadle,3“ sodium chloride aerosols in air.

Fig. 6.—The empirical linear relation of eq. 8 for the data of Schadt and Cadle,3“ mercury aerosols in air.
able to have thermal force measurements at lower 
l/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 (l/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

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 I is not justified

T able I
D etermined V alues for the Slip C oefficients

Thermal force data source
Cm

Exptl. Eq. 4 ' Eq. 7 C Eq. 6
Rosenblatt and LaMer,11 

TCP aerosols in air 1.23 1.94 0.91 0.99
Schmitt,12 PH300 silicon 

oil in argon 1.42 2.57 1.06
Schadt and Cadle,3“ so­

dium chloride 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 (l/a) = 
0.25. The data for 0.25 <  (l/a) <  1.6 can be repre­
sented by an empirical modification of eq. 7 to 
within ± 8%

1*

eE-it> a2v (8)

where for the reported data e' =  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 
eq. 7 in Fig. 4. Schmitt reported a value of cm 
of 1.42. Ct 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 <  (l/a) <  2.2 the data of Schmitt are 
represented to within approximately ± 1%  by 
the empirical relation, eq. 8, with e' =  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 (l/a) <  0.25. No value of 
cm was reported, so the value of 1.23 was assumed. 
The determined value of e, subject to correction, 
is given in Table I. It can be seen that the data 
for 0.25 <  (l/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 (l/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 <  (l/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
V. K. L a  M e r  (Columbia University).—It  appears from recent work, particularly that of Schadt and Cadle, that proof of the Epstein equation, although well checked for aerosols like tricresyl phosphate, is not found for thermally conducting metallic aerosols. Does the author’s treatment shed any light on this problem?
J. R. B r o c k .—The agreement (within 20% at ( l / a )  ~  0.1, 50% at ( l / a )  ~  0.2) of the Epstein equation with ex­perimental data for tricresyl phosphate and substances of similar thermal conductivity ( ~ 1 0 -4 cal./cm.-sec.-deg.)

is merely circumstantial and has been misleading. The apparent agreement is dependent on the relative magnitudes of the thermal conductivity of the aerosol particle and the thermal conductivity of the fluid surrounding the particle.The experimental work of Schadt and Cadle with aerosols of thermal conductivity ( ~ 10 ~ 2 cal./cm.-sec.-deg.) much larger than that of tricresyl phosphate, gives results, by extrapolation in the first-order slip-flow regime, for the thermal force which are higher than those predicted by the Epstein equation by f a c t o r s  of 30 to 50. Thus the Epstein equation fails in this instance.The data of Schadt and Cadle for these high thermal conductivity aerosols were not taken to ( l / a )  <  0.25. Hence a comparison of direct experimental data with the first-order slip-flow analysis presented here is not possible. However, extrapolation of the data of Schadt and Cadle to ( l / a )  <  0.25 for these aerosols indicates agreement with the present analysis within ~10-30% .The agreement of the accurate thermal force data of Rosenblatt and La Mer for tricresyl phosphate aerosols with the present analysis must be regarded as very good. Ad­ditional accurate thermal force data for ( l / a )  <  0.25 for a variety of substances would be most valuable. In such data it should be remembered that the surface properties of the aerosol are of importance.
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Received March 12, 1962

Turbidity spectra were measured for various polyisoprene latex samples in the region 0.6-1.1 ft on a Cary Model 14 spec­trophotometer. The validity of the measurements was checked by comparison with turbidity spectra of polystyrene latices of known diameter. Results were interpreted in terms of a weight median particle diameter and a breadth parameter for an equivalent log normal distribution. These results were compared with particle count v s . diameter from Coulter counter measurements. The actual particle size distributions are quite closely log normal, at least on the high diameter end.
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 
counter1-3 results on Hevea and synthetic cis- 
polyisoprene latices will be presented.

Experimental
Turbidity Spectra.—Recently, Wallach, Heller, and Stevenson4 have prepared tables for use in interpreting turbidity spectra. These tables were not available at the time this work was done. The interpretation of our tur­bidity data was done in much the same way as suggested by these authors, except that the data were not normalized to a reference wave length and that a log normal distribution of diameter was employed as a standard distribution function instead of the function used by Wallach, e t  a l .  In our work, tables of t / c  (turbidity/concentration) were calculated on a Bendix G-15D computer at each of four standard wave lengths for a range of the two distribution parameters in the log normal function using the Mie theory .6 A brief outline of these calculations is given in the Appendix. A simplified representative plot of these values is shown for A =  0.65 y  in Fig. 1. Here (3 is.the breadth parameter of the log normal and is equal to <rv'2 , where a  is the standard deviation and Z)Wm is the weight median diameter. (Diameter a t the 50% by weight point.) Then, from the value of t / c  a t each of the four wave lengths, a curve of /S v s .  Dwm is determined. The intersection of these four curves fixes the parameters flwm and /3 for an equivalent log normal distribution, as in Fig. 2. I t  must be borne in mind in using these curves that for dispersions of very small particle size, the size distribu­tion has no effect on the turbidity, which is determined solely by the diameter equivalent to the weight average particle weight, rather than the weight median diameter. (Ray­leigh scattering, D  <  0.1 X). A criterion for this condition is, of course, the constancy of the quantity (X4r/c )/(n  — n0)2.In the calculation of these families of r/c  curves, the effect of dispersion was taken into account, in the refractive in­dices of both phases. The refractive index of Hevea, as measured by Wood, e t  a l . , 6 was used. The refractive index of water was calculated from a relation in the International Critical Tables.7 The resulting values of m  for the rubber- water system can be fitted by least squares to a function of the form

n
m =  —

n0
1.134406 +

0.00152547 0.000149881
X2 "l X4

(1)

where n  is refractive index of particles, n 0 that of the medium, and X is the wave length in microns, i n  v a c u o .  A small correction was made in calculating r/c, for the fact that latices were diluted for measurement in 0.1% Triton X-100, rather ihan in pure water, but this was insignificant. The density of rubber was taken as 0.906 g./cc.Measurement of Turbidity.—The turbidity of latex dilu­tions of 2-15 X 10-6 g./ml. solids was measured in 10-cm. cells in a Cary Model 14 spectrophotometer, in the range X = 0.6 to 1.1 y .  No change of t / c  with concentration was observed in this range. (At very small pen displacements 
t / c  tended to be larger than at large displacements, but the same effect was found with the ratio of absorbance to con­centration for aqueous CuS04.) This instrument was selected because in this wave length range its optical system has a very small angle of acceptance a t the detector, mini­mizing reception of forward scattered radiation,8' 9 and the beam has to pass through a number of slits. Furthermore, 
the instrument has a wave length dispersion, AX, of 37 A./ mm. slit. The instrument is of the double beam type, with blackened cell chambers. A solution of 0.1% Triton X-100 in water served as the reference. In order to test the relia­bility of these measurements, the turbidity of a number of Dow st andard polystyrene latices was measured over the wave length range 0.6 to 1.1 y .  Results are shown in Table I. Agreement with theory for the 0.814 y  latex is almost per­fect; in the case of the 0.088 y  latex the material seems to behave more like a monodisperse material of 0.083 y  than0.088 y . i0The deviations between the theoretical and measured values of t / c  may also be connected in some cases with the value of AX/X; i . e . ,  one cannot distinguish11 in fact be­tween a dispersion in diameter (D ) and between a dispersion in a ,  where

a =
Trn0D

X (2)

In the case of the 1.17 y  latex, some forward scattering radiation may have been received, because of its large particle size.8 The deviations from theory in this case can­not be explained from the deviations from monodispersity found by Coulter counter measurements.12 (Last row of Table I.) We are indebted to Dr. J. W. van der Hoff of Dow Chemical Company for these latices. This is Sample 
1 of reference 1 2 .In order to compare theory with experiment it was neces­sary to estimate values of m  for the polystyrene-water system. The refractive index of polystyrene v s .  wave length was obtained from industrial research.13 For polystyrene
m =  1.18392 + 0.00261227

X2

0.000309505
X4

(3)
(1) R. H. Berg, ASTM Special Publication No. 234 (1958).
(2) H. E. Kubitschek, Nature, 182, 234 (1958).
(3) C. F. T. Mattem, F. S. Brackett, and B. J. Olson, J. Appl. 

Physiol., No. 10, 1 (1957).
(4) M. L. Wallach, W. Heller, and A. F. Stevenson, J. Chem. Phys., 

34, 1796 (1961).
(5) G. Mie, Ann. Phys., 26, 377 (1908); H. C. Van de Hulst, 

“ Light Scattering by Small Particles,”  John Wiley and Sons, Inc., 
New York, N. Y., 1957.

(6) L. A. Wood and L. W. Tilton, J. Research Natl. Bur. Standards, 
43, 57 (1949).

(7) “ International Critical Tables,”  McGraw-Hill Book Co., New 
York, N. Y., Vol. VII, p. 13.

where X is wave length i n  v a c u o ,  microns. The density of polystyrene was taken as 1.057.
(8) R. O. Gumprecht and C. M. Sliepeevich, Phys. Chem., 59, 

849 (1955).
(9) W. Heller and R. M. Tabibian, J. Colloid Sci., 12, 25 (1957).
(10) In this connection see G. Dezeiic and J. P. Kratohvil, J. Colloid 

Sci., 16, 561 (1961).
(11) M. L. Wallach, private communication.
(12) M. Wales and J. N. Wilson, Rev. Sci. Instr., 32, 1132 (1961). 
(13; Polaroid Corporation, “ Optical Plastic Material: Synthesis,

Fabrication, and Instrument Design,”  OSRD Report No. 4417 
(1945).
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T able I
T urbidity  M easurements on D ow  M onodisperse P olystyrene L atices

A .  D  =  0.088 m

*1, n 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1 .0 0 1.05 1 . 1 0Av. r/c, 4.5-13.5 X 10 4 g./ml. Four concn. 685 489 361 275 215 171 138 115 97 83 71Theoretical r/c. D  =  0.083 716 520 384 290 223 175 138 108 90 74 61
D  =  0.088 m 850 616 456 348 265 208 165 132 108 88 73

B. D  =  0.264 i i ; t ! c multiplied by 1 0 ~ 3

Av. r/c, 2-6 X 10~6 g./ml. Four concn. 9.65 7.66 6.25 5.11 4.26 3.55 2.95 2.47 2.13 1.80 1.53Theoretical r/c 9.74 7.90 6.48 5.36 4.43 3.68 3.09 2.59 2.18 1.84 1.57
C. D  =  0.365 m; r /c  multiplied by 1 0 -3

Av. r/c, 8-20 X 10~6 g./ml. Four
concn. 15.6 12.3 9.88 8.18 7.04 6.03 5.23 4.54 4.03 3.74 3.18Theoretical r/c 16.7 13.2 10.6 8.75 7.30 6.17 5.31 4.64 4.08 3.60 3.11

D. D  =  0.814 m; t / c  multiplied by 1 0 -4

Av. r/c, 7-11 X 10~6 g./ml. Two concn. 3.50 3.02 2.62 2.30 2.05 1.82 1.63 1.46 1.31 1.19 1.07Theoretical r/c 3.62 3.11 2.69 2.36 2.07 1.82 1.62 1.45 1.33 1 . 2 1 1 . 1 1

E. Sample 1; D  = 1.171 i t ;  t / c  multiplied by 1 0 -4

r/c  at 10 ~6 g./ml. 3.12 2.93 2.72 2.53 2.34 2.17 1.99 1.82 1 . 6 8 1.56 1.45Theoretical r/c 3.89 3.60 3.28 2.94 2 . 6 8 2.42 2 .2 0 2 .0 0 1.82 1 . 6 6 1.52r/c  from Coulter counter distribution12 3.32 2.59 1.98 1.54
Coulter Counter Measurements.—The Coulter counter is an instrument in which colloidal particles flow through a small orifice in very dilute suspension. Simultaneously an electric current is flowing through the orifice and as each particle passes, a momentary change in voltage drop occurs, whieh is amplified and counted. By means of a discriminator circuit it is possible to count only those pulses greater than some adjustable arbitrary threshold, the size of the pulse being nearly proportional to particle volume. A known small volume of suspension is automatically metered through the orifice. The instrument is described more fully elsewhere.1-314
With a 30 ¡u orifice, the instrument can detect particles not smaller than 0.5 f i in diameter. This restricts its appli­cability to latices of small particle size.Preparation of Latex for Measurements.—Suspensions first were diluted in 0.1% Triton X-100 (a non-ionic sur­factant) and then a very small known quantity of this dilution was added with stirring v i a  a gravimetrically calibrated Calab micro-syringe to 250 ml. of the electrolyte, 2 % NaCl containing 0.1% Triton X-100 as a dispersant. I t  is be­lieved that the very low final particle concentration (of the order of 1 p.p.m. latex solids or less) plus the presence of relatively large amounts of surfactant are effective in sup­pressing coagulation, a t least for times an order of magni­tude greater than the time of measurement. No evidence of instability, as shown by a systematic drift of count with time, has ever been noticed.The electrolyte always was filtered through Millipore filters of 0.3 or 0.45 n  pore size. The 250 ml. graduated sample beaker of the apparatus was filled with filtered elec­trolyte, after washing with the same. Then a background count was made over the whole range of thresholds. The measured amount of latex dilution then was added, and the final count made over the range of thresholds, the background count being subtracted. If necessary, more latex dilution was added to the beaker to obtain counts at high thresholds and the resulting count scaled ap­propriately to tie in with the previous lower concentration count. Usually this scaling was done by repeating several counts at thresholds previously counted and employing the ratios of coincidence corrected counts.

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) Operating Manual, Coulter Industrial Sales Corp., P. O. Box 22, 
Elmhurst, III.

Fig. 1 .—Turbidity v s . mean diameter and breadth parameter at X = 0.65 n .

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, ta is the number 
median threshold, and ¡3% =  3/3. The P  notation 
refers to the probability integral

P { 'X) =  V r  f °  e’ *! ^  (5)
The fitting was done by a machine procedure for 

a number of assumed values of N0, subject to the 
constraint that

y  _  tt'A’oDwm8 e -2.25f>* (g)
6
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Fig. 2.—Use of guide curves to characterize a latex, Heve i NC400.
Diameter, p.

0.44 0.94 2.02 4.4

Threshold, t.
Fig. 3.—Cumulative number distribution for Hevea latex NL 76.
where V  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 D wm 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,

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 II  is shown a comparison between 
values of D wm and ft obtained from the Coulter 
counter and from turbidity spectra, for a number 
of polyisoprene and Hevea latices.

T able II
D istribution  Parameters for V arious L atices

Dwnii wt. 
median 

diameter /3, distribution

Latex Polymer
Tur- Tur- 

Counter bidity Counter bidity
regres­
sion

1 Polyisoprene 0.92 0.84 0.94 1.34 0.97
2 Polyisoprene 1 .0 2 1.05 .98 1.48 1.06
3 Polyisoprene 1.31 1.05 .81 1.25 0.90
4 Polyisoprene 1.23 1.18 .70 1 .0 0 .72
5 Polyisoprene 1.82 2 . 0 .98 1 . 1 0 .79
6 Polyisoprene 0.51 1 . 1 .79
7 Polyisoprene 1 . 2 1.25 .90

NL 76 Hevea 0.82 0.78 .61 0.92 .66

NL 356 Hevea 0.83 0.72 .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, D wm of 0.53 y, from which /3  =  0.98. 
Latex 7 had D wm of 1.4 y  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 
(a) 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 t / c  v s . X and to raise /?• 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.12

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 /3 from 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 «  0.728dturb (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 II 
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.

Appendix
Turbidity Relationships in Polydisperse Suspensions.—For a monodisperse suspension

1 , 70 7rKD'N
t  =  — In — =  -----------

where l =  length of scattering path, io and I  are incident and emergent light intensities, D  is particle diameter, N  = number of particles/cc., and K  is an involved function15 16-16

K  =  f{m,a) (9)
where m  =  n / n o  as previously defined and a  = w n o D / 'h , X measured i n  v a c u o . For polydisperse suspensions

r =  -  £  K ìD ìW ì (10)^  i

which becomes, in terms of concentration, c, in g./ml.

t / c  =
3_ „  K ¡Ti 
2p Y  Di (ID

where p is particle density and -yi is the weight fraction of species i in the disperse phase. For the case of a continuous distribution

(12)
where f { D )  is a differential w e i g h t  distribution function in D  normalized to unity.A n u m b e r  distribution function

dN (13)

was chosen, where

and

1 , Dy =  -  In — 
0 Do

(14)

Dwm = Düew  (15)
With this choice, eq. 12 becomes

t / c =
e -2.250*

PD03\Zw
ln!f „ d  D (16)

Here ( t / c ) ,  refers to t / c  for a monodisperse suspension of diameter D .  The integration of eq. 16 for various values of Z)wm and 0  at different wave lengths was carried out numeri­cally by Weddle’s Rule on the Bendix computer using the values of ( t / c , )  from Table III, which here have been rounded off to save space. A triangle approximation was used for the portion of the integral from H = 5 .4 p t o H =  <» .The values in Table III  had in turn been machine cal­
(15) “ Tables of Scattering Functions for Spherical Particles,” 

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, 
1957.

T able III
C alculated T urbidities of M onodisperse P oly­

isoprene L atices at  F our Standard W ave Lengths

Diameter“

10

0.65

4 X t / c , cm.Vg.
Wave lengtha 

0.80 0.95 1 .1 0

0.05 0.00745 0.00317 0.00157 0.000864
.10 .0548 .0240 .01209 .00672
.15 .1584 .0735 .0382 .0216
.20 .2980 .1505 .0819 .0476
.25 .4364 .2415 .1397 .0844.30 .5688 .3307 .2037 .1288.35 .7236 .4147 .2660 .1762
.40 .8981 .5055 .3248 .2223.45 1.056 .6118 .3851 .2659.50 1.195 . 7235 .4353 .3093
.55 1.340 .8245 .5303 .3567
.60 1.484 .9148 .6077 .4101
.65 1.618 1.006 .6781 .4676
.70 1.745 1 .1 0 0 .7418 .5243
.75 1.865 1.191 .8043 .5763
.80 1.981 1.276 .8691 .6237
.85 2.094 1.359 .9346 .6696
.90 2.197 1.438 .9974 .7167
.95 2.290 1.513 1.057 .7651

1 .0 0 2.383 1.587 1.115 .8130
1.05 2.469 1.660 1.171 .8589
1 . 1 0 2.543 1.728 1.225 .9029
1.15 2.614 1.789 1.277 .9457
1 . 2 0 2.679 1.849 1.329 .9874
1.30 2.786 1.964 1.427 1.067
1.40 2.865 2.059 1.513 1.144
1.50 2.921 2.144 1.597 1.217
1.60 2.949 2.214 1.669 1.281
1.70 2.952 2.269 1.734 1.343
1.80 2.932 2.314 1.792 1.401
1.90 2.893 2.341 1.841 1.451
2 .0 0 2.830 2.359 1.882 1.499
2 . 1 0 2.752 2.362 1.916 1.540
2 .2 0 2.659 2.354 1.942 1.577
2.30 2.551 2.334 1.958 1.608
2.40 2.431 2.303 1.969 1.634
2.50 2.307 2.263 1.972 1.657
2.60 2.173 2.213 1.968 1.672
2.70 2.036 2.157 1.956 1.684
2.80 1.900 2.090 1.940 1.691
2.90 1.763 2 .0 2 1 1.915 1.693
3.00 1.626 1.943 1 .8 8 8 1.691
3.40 1.150 1.605 1.723 1.640
3.80 0.8232 1.259 1.503 1.534
4.20 .6600 0.9513 1.259 1.386
4.60 .6279 .7186 1 .0 2 0 1.213
5.00 .6707 .5756 0.8080 1.033
5.40 .7250 .5125 0 6391 0.8572
0 Both expressed in g., X i n  v a c u o .

culated from K ( a , m ) from the Mie relations. The reduction of these to an algebraic form suitable for computation is too long to reproduce here; Intercom 201 was used and the Bessel functions involved and their derivatives were ob­tained from J ±3/2(0;) and 1,2(0:) by repeatedly using the recursion relationships between successive cylinder functions. Values of K ( a , m )  for m  =  1.20 and a  =  0.2, 3.0, and 10.0 were compared with the tables of Pangonis, Heller, and Jacobson16 in checking out the program. Agreement to at least four significant figures was obtained.
Acknowledgment.—The author is indebted to

S. J. Rehfeld for experimental assistance.
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DISCUSSION
V. K. L a  M e r  (Columbia University).—In a paper to appear shortly in J . C o l l o i d  S c i . ,  Wachtel and I find agree­ment with Dr. Wales that the Coulter counter is a very rapid and accurate method of getting size distribution curves of fine and, in some cases, electrically charged emulsion drop­lets in the range 0.4 to 1.0 m- After working the last fifteen years to determine particle size distributions from light scattering data alone in the absence of knowledge of the distribution function, I have abandoned these attempts as too tedious and unrewarding for the effort spent in favor of direct counting methods which extend light microscopic methods to much lower values.
R. I). V old  (University of Southern California).—Do you have definitive evidence that your system is free of ag­gregates? If there should be any aggregation it is neces­sary to know the refractive index of the aggregate, the density of the aggregate, and the internal structure of the aggregate in order to derive its scattering coefficient and, since this information is generally not derivable from the observed data, interpretation in terms of a physically real system becomes nearly impossible.

M. W a l e s .—I would like to emphasize that there is no attempt here to determine a detailed particle size distribu­tion by light scattering, but merely to derive a parameter by which one can rank various preparations in their order of polydispersity. Furthermore, for the distribution of sizes to have an effect on the turbidity, it is necessary that the ratio of particle diameter to wave length be such that one be not too far from the maximum in r/c  (see Fig. 1).In regard to aggregation, if this were such that “inter­pretation in terms of a physically real system were im­possible,” the data of Table I could not have been obtained. These results are in agreement with those of Heller, e t  a l . ,  
J .  C o l l o i d  S c i . ,  11, 195 (1956); Bateman, e t  a l . ,  i b i d . ,  14, 308 (1959); and Dezelic, e t  a l . ,  i b id ,  16, 561 (1961). We also have found that mean diameters of two Dow latices by the Coulter counter, using suspensions of known solids content, agree quite well with optical and electron micro­scope values. Also from dilution data in the Coulter counter, we find that concentration-dependent aggregation is most certainly absent. Changing the mode of dilution and the electrolyte does not change Coulter counter results for polystyrene or rubber latices. Finally, all of these meas­urements were made in the p.p.m. range of solids content or less, and in the presence of a large amount of surfactant.
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A quantitative treatment of the thermodynamic properties of hydrophobic bonds in proteins is presented; it is based on the behavior of aqueous hydrocarbon solutions as a model system. A hydrophobic bond is considered to be formed when two or more non-polar groups come into contact, thereby decreasing the extent of the interaction with the surrounding water. The thermodynamic parameters are derived from a statistical thermodynamic treatment of pure water and of aqueous hydrocarbon solutions, developed in earlier papers. The conditions determining the thermodynamic parameters are dis­cussed in terms of changes in the water structure, of intermolecular forces, and of the restrictions on internal bond rotation. It is shown that the latter restriction is less serious than for side-chain hydrogen bonding. Numerical values and closed expressions for the temperature dependence of the free energy, enthalpy, entropy, and heat capacity of formation of hydro- phobic bonds between isolated pairs of non-polar side chains are given for the following residues: alanine, valine, leucine, isoleucine, methionine, cysteine, proline, and phenylalanine. The contributions of cystine and tryptophan are estimated! The dependence of the thermodynamic parameters on the size of the side chains and on the extent of contact between them is discussed, and the limiting values of the possible ranges are given. For an interaction between two side chains, the pa­rameters at 25° have the ranges: A = -0 .2  to —1.5 kcal./mole, Afina0 = +0.3 to +1.8 kcal./mole, aSh*° = +1.7 to +  11 e.u., (Acp°W  = —10 to —50 cal./deg. mole. The error in AiW 0 is estimated to be less than 0.1 kcal./mole. The existence of hydrophobic bonds is due mainly to the entropy change connected with changes it  the water structure around the side chains. The endothermicity of the process of formation of the hydrophobic bonds makes them stronger with in­creasing temperature up to 50-60°. It is shown that the thermodynamic parameters characterizing isolated side chains are affected only slightly in structures where there are few water layers between side chains not in contact. The free energy of formation of the hydrophobic bond can be attributed almost entirely to the step in which the two side chains actually come into contact, reducing the number of contacts with water. Hydrophobic bonds can contribute to the stabilization of vari­ous protein structures. Such bonds can exist in the random coil. In an a-helix, a given side chain can form hydrophobic bonds of limited strength with the next residues along the sequence, and with the third and fourch groups along the sequence, 
i.e., on the next turns of the helix, nearest to it in space. The possible side-chain interactions in an a-helix are listed. Strong hydrophobic bonds between side chains are possible in the two pleated sheet structures. This may cause the /3-structures to be favored over the a-helix at higher temperatures in polypeptides containing many groups capable of forming hydrophobic bonds. In compactly folded protein structures, several side chains can interact simultaneously to form hydrophobic bonds or hydrophobic regions, of greater strength. Expressions are given for the calculation of the thermodynamic parameters of formation of such bonds and for the transfer of side chains into a non-polar environment, dismssed earlier by Kauzmann. Non-polar side chains carrying polar end groups can participate in hydrophobic bonding to a limited extent. The parameters for such bonds are estimated. An estimate of the volume increase on forming a hydrophobic bond is given.

1. Introduction
Papers I5 and II6 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-40l(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) I. M. Klotz, Brookhaven Symp. Biol., 13, 25 (I960).
(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 II, with (II-) denoting equations cited.
(7) It will be necessary for the reader to consult paper II for a full

understanding of the material present-ed in paper III.

has been paid in recent years4'8-13 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.10 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.14'15 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.16'17

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

(8) I. 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,” John 

Wiley & Sons, Inc., NewYork, N. Y., 1961, p. 129.
(14) K. U. Linderstr0m-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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Fig. 1.—Schematic representation of the formation of a hydrophobic bond between two isolated side chains (alanine and leucine). The bond is formed through an approach of the two side chains until they touch, with a reduction of the number of nearest water neighbors. The extent of contact shown here is less than the maximum obtainable for the two side chains. Water molecules are shown only schematically, without indicating particular orientations or hydrogen-bonded networks.
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,18 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
II .«.7

The most complete review so far of the important 
factors in hydrophobic bonding has been given by 
Kauzmann.10 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. Chem. Phys., 13, 507 (1945).

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.4'8-19 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,10 we 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 II, and the thermodynamic 
parameters accompanying it are related to those for 
solution.7’20 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° +  AF g° (1)
i.e., a sum of the contributions from the change

(19) I. 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.21 
The states of these molecules are described by the 
partition function Z w° 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 AF8 depends 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° =  AYS(FW° -  Fwc) (2)

where Fw° and Fwc are obtained from the partition 
functions Fw° and Zw°, given in papers I 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°/A F8 =  Fw° -  Fwc =
957 -  6.08 T +  0.00824T2 (3)

in cal./mole for aliphatic side chains and

AFW°/A FS =  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, AHw°/AYs =  +0.23 and +0.16 
kcal./mole, ASw°/AF8 =  +1.17 and +0.67 e.u., 
for aliphatic and aromatic side chains, respec­
tively.22

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

(21) The physical meaning of YB is identical to that of the symbol Y° 
used in paper II, 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 mole 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.23

(23) G. N&methy, Ph.D. Thesis, Cornell University, June, 1962.

of water-solute interaction7), 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 II7; 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 y 2AF8; a CH3-group is 
slightly larger than a water molecule (in terms of 
van der Waals radii), a CH2-group is approximately 
equal to it.

The values of the two constants A'rw and ER 
in eq. 5 can be taken from paper II. There 1/i 
F rw 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 II and with 
theoretical calculations of Corner.26 The value of 
Er 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 AFh/  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 earlier27 in con­
nection with the theoretical treatment of side- 
chain hydrogen bonding. There it was shown that

(24) In paper II, the corresponding term for hydrocarbon-hydro­
carbon interactions was denoted by F r r , representing the total van der 
Waals 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.25 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. Soc., 76,

6305 (1954). -----------—---- ———— — “— — —-------------------

fllJJ F i im fU c W
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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 
i hese 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.28 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 a result, 
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 found27 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 as27

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

*rot =  (1 -  e~h*'kT) - 1 (7)

Fiat ~  A rot =  — RT  In 2rot (8)
On formation of a hydrophobic bond, IT remains 

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.

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 r0 is the force constant 
in the absence of the bond.
„ In calculating AFrot 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 CH3 groups, 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 t  — 1.2t0 in 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 I .22 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<pa 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 t0 itself, because Vo > >  AFh / 1. V0 
is the height of the potential barrier, corresponding 
to T0.

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 0 to 1 e.u. per side chain, in contrast to 5 e.u. per 
single bond for hydrogen-bonded side chains.27

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 
hydrates4.29 of H2S, CH3SH, and (CH3)2S. Differ­
ences in the interactions with water between the 
CH2-group and the sulfur seem to be small and have 
been neglected in determining AFs0.30

(29) M. v. Stackelberg and H. R. Müller, 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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T able I
Structural P arameters for A mino A cid Side C hains P articipating  in H ydrophobic B onding

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,—C H r-S—CH,
Cysteine CySH —CH,—SH 

—(N)------------ CH,

Proline Pro —<CH) CH,
\  /  

CH,
Phenylalanine Phe - c h 2- < ^ 3

(Y’)“ K Hr)»
AFrot at 25° 
kcal./mole

8 0 — 0

12 1 74.4 0.05

13 2 74.4, 240' 0 .15

13 2 37.2, 140 0 . 1 0

15 3 53 .1, 200, 400* 0.28, 0 .15 '
10 1 1 0 1 0.05

1 2 0 — —

15 2 89.0, 520 0.09
“ Y’ includes the water molecules next to the a-carbon. b Units for IT: length in A., mass in terms of unit atomic weight. 

c Value for unbonded side chain. For groups in a hydrophobic bond, 200 was used instead of 240 (see discussion in text). d Value for unbonded side chain or in bonds with valine and leucine. For other bonds, 250 was used instead of 400. * For
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
teins31 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.31

The number of water molecules in the first layer 
around each side chain, denoted by Fs, is listed in 
Table I. 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.32 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.

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.27 
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.27 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 a hydrophobic bond, the values of 
IT do 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.—Z r , Fs, and 
AF8 were estimated to the nearest integer. The 
numbers given are averages, with some fluctuation 
possible, so they may be in error by ±  0.5 unit. Such 
an error in AF8 causes an error of about 0.06 kcal./ 
mole in ATh/  near room temperature. Uncertain­
ties in E r -w  and E r  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 II. The un­
certainty in the values of AArot 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 AAh/  
or A //h/  corresponds to a possible error of 0.3 e.u. 
in A<Sh/ .  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 II 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 II 
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 AFS and 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. 1 to give

A A „ / =  AVs(Aw° -  Awc) +  Z rEr -
(1/2)AF3Arw +  ZAArot (II)

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). AF8 and Z R, listed for 
various pairs in Table II, 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 III to V. Tables of the parameters 
at other temperatures have been published else­
where23 for various pairs of side chains.

T a b l e  I I

P a r a m e t e r s  D e s c r ib in g  H y d r o ph o b ic  B onds  o f  
M a x im u m  St r e n g t h  b e t w e e n  I solated  Sid e  C h a in s

✓-------Coefficients for eq. 12--------- -Bond a n Z  a O 6 C

Ala-Ala 4 2 3650 -2 4 .3 0.0330
-Val 4 2 3650 -2 4 .1 .0330
-Leu 4 2 3650 -2 3 .8 .0330
-lieu 4 2 3650 -2 4 .0 .0330
-M et 4 2 3650 -2 3 .3 .0330
-CySH 4 2 3650 -2 4 .1 .0330
-Pro 4 2 3650 -2 4 .3 .0330

Val-Val 6 3 5480 -3 6 .2 .0495
-Leu 6 3 5470 -3 5 .8 .0495
-lieu 8 4 7300 -4 8 .2 .0660
-M et 8 4 7300 -4 8 .0 .0660
-CySH 5 2 4640 -3 0 .1 .0412
-Pro 6 3 5480 -3 6 .3 .0495

Leu-Leu 6 3 5460 -3 5 .4 .0495
-lieu 8 4 7290 -4 7 .8 .0660
-M et 8 4 7290 -4 7 .6 .0660
-CySH 5 2 4650 -2 9 .8 .0412
-Pro 6 3 5470 -3 6 .0 .0495

Ileu-Ileu 10 5 9120 -6 0 .1 .0824
-M et 10 5 9110 -5 9 .5 .0824
-CySH 5 2 4630 -2 9 .9 .0412
-Pro 8 4 7300 -4 8 .3 .0660

M et-M et 10 5 9110 -5 8 .9 .0824
-CySH 5 2 4630 -2 9 .3 .0412
-Pro 8 4 7290 -4 7 .7 .0660

CySH-CySH 4 2 3650 -2 4 .0 .0330
-Pro 4 2 3650 -2 4 .2 .0330

Pro-Pro 6 3 5500 -3 6 .6 .0495
Phe-Phe 12 6 7350 -5 1 .6 .0740
Phe-Ala“ 2 1 1570 - 1 0 . 2 .0144

-Val 6 3 4730 -3 0 .8 .0432
-Leu 6 3 4720 -3 0 .4 .0432
-lieu 8 4 6300 -4 1 .0 .0576
-M et 8 4 6290 -4 0 .4 .0576
-CySH 4 2 3150 -2 0 .3 .0288
-Pro 6 3 4740 -3 1 .0 .0432

“ The maximum and minimum bond strengths coincide for this case because there is only one way of establishing a contact between the two side chains.

A Ah/  can be expressed in closed form as a fune-
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T able III
Standard F ree  E nergy of F ormation of H ydrophobic B onds of M aximum  Strength  betw een  I solated Side C hains

at  25° (K cal. /M ole )
Ala Val Leu

Ala - 0 .7 -0 . 6 -0.5
Val - 0 . 6 -0.9 -0 .8
Leu - 0 .5 -0 .8 -0.7
lieu - 0 . 6 - 1 . 2 - 1 . 1
Met - 0 .4 - 1 . 1 - 1 . 0
CySH - 0 . 6 -0.7 -0 . 6
Pro - 0 .7 -1 .0 -0.9
Phe - 0 . 2 -0 . 6 -0.5

T able  IV
Standard E nthalpy of F ormation of H ydrophobic
B onds of M axim um  Strength betw een  I solated Side

C hains at  25° (K cal. /M ole)
Ala Val Leu lieu Met CySH Pro Phe

Ala 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.3
Val .7 1.1 1 . 1 1.5 1.5 1 .0 1 . 1 .9
Leu .7 1.1 1 . 1 1.4 1.4 1 .0 1 . 1 .9
lieu .7 1.5 1.4 1 . 8 1 . 8 1 . 0 1.5 1 . 2
Met .7 1.5 1.4 1 . 8 1 . 8 1 .0 1.5 1 . 2
CySH .7 1.0 1 .0 1 .0 1 .0 0.7 0.7 0 . 6
Pro .7 1.1 1 . 1 1.5 1.5 .7 1 . 1 .9
Phe .3 0.9 0.9 1 . 2 1 . 2 .6 0.9 .8

T able  V
Standard E ntropy of F ormation of H ydrophobic B onds
of M aximum  Strength betw een  I solated Side C hains

at  25° (E.U.)
Ala Val Leu lieu Met CySH Pro Phe

Ala 4.7 4.5 4.2 4.4 3.7 4.5 4.7 1.7
Val 4.5  6.7 6.4 8.9 8.7 5.5 6.9 5.1
Leu 4.2 6.4 6 . 0 8.5 8.4 5.2 6.5 4.7
lieu 4.4  8.9 8.5 1 1 . 1 10.4 5.4 9.1 6 . 8

Met 3.7 8.7 8.4 10.4 9.8 4.7 8.4 6 . 1
CySH 4.5 5.5 5.2 5.4 4.7 4.4 4.5 3.2
Pro 4.7  6.9 6.5 9 .1 8.4 4.5 7.1 5.2
Phe 1.7 5.1 4.7 6 . 8 6 . 1 3.2 5.2 7.5
tion of the temperature as shown in equation 12

A F h /  -= a +  bT +  cT2 (12)

in cal./mole. The coefficients a, b, and c for all 
pairs are listed in Table II. 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/ 1 as

AffH/  =  a -  cT2 (13)

A/Sh.*,0 =  — b -  2cT (14)

(Acp)h* = - 2  cT (15)
In determining AFrot, r /  to = 1 . 2  was used for all 

bonds with the exception of the weak phenylala­
nine-alanine bond, for which t/t0 =  1.05 was used.

b. Bonds of Minimum Strength.— Such bonds 
are formed when the two side chains can barely 
touch (Fig. 2A). The same parameters, AFS =  2 
and Zr =  1, have to be used for all bonds. Since 
all bond strengths fall within the range of 0 to —0.5

lieu Met CySH Pro Phe
- 0 . 6 - 0 . 4 - 0 . 6 - 0 . 7 - 0 . 2
- 1 . 2 - 1 . 1 - 0 . 7 - 1 . 0 - 0 . 6
- 1 . 1 - 1 . 0 - 0 . 6 - 0 . 9 - 0 . 5
- 1 . 5 - 1 . 3 - 0 . 6 - 1 . 2 - 0 . 8
- 1 . 3 - 1 . 1 - 0 . 4 - 1 . 1 - 0 . 6
- 0 . 6 - 0 . 4 - 0 . 6 - 0 . 6 - 0 . 4
- 1 . 2 - 1 . 1 - 0 . 6 - 1 . 0 - 0 . 7
- 0 . 8 - 0 . 6 - 0 . 4 - 0 . 7 - 1 . 4

Fig. 2.—Illustrative examples of hydrophobic bonds between pairs of isolated side chains. The hydrogens are not indicated individually. Drawn to scale, but with the van der Waals radii reduced by 20% for the sake of clarity. The structural formulas to the right of each space-filling drawing indicate the arrangement of the atoms: A, alanine- alanine bond (minimum strength); B, isoleucine-isoleucine bond (maximum strength); C, phenylalanine-leucine bond (maximum strength); D, phenylalanine-phenylalanine bond (maximum strength).
kcal./mole for the entire temperature range, r /r 0 =
1.05 was used in determining AFrot. For the small 
r /  T0, AFrot does not depend significantly on the 
type of side chain, but only on the number, 2 k, of 
bonds restricted. Hence, it can be expressed as

AFrot =  - ( 1  -  0.05 T) 2 k  (16)

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 =  —12.2 +  0.05 2 k, and c =  0.0165 for 
bonds between aliphatic side chains; a =  1580 — 
2 k, b =  —10.3 +  0.05 2 k, and c =  0.0144 for bonds 
involving phenylalanine.

T able  VI
T hermodynamic Param eters  for the F ormation of 
H ydrophobic B onds of M inimum  Strength betw een

I solated Side 
A F h <£°,

C hains at 25° 
AifH<Ê0, A<Sh 0°,

Bond type kcal./mole kcal./mole e.u.
Between aliphatic 

side chains
- 0 .3 0.4 2.1 to 2.4

Involving Phe - 0 . 2 .3 1 . 6  to 1 .7
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 F3 a 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 AFS might 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 AFS and F r 
(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. II has to be 
modified to take this into account, giving the new 
expression

A F V  =  A F W  -  ( l / 2) [ /V (a l )  +  Fw°(ar)]| 
+  ZRER -  (l/2 )A F s{(l/2 )[I?Rw(al) +

■®Rw(ar)]l +  2AFrot (17)

The hydrocarbon-hydrocarbon interaction now 
is given by Er =  V U R(al) X  -Z?R(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, 
AFh/  <  0, A/S'h*0 >  0, but A //h/  >  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 II.

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.

T a b l e  VII
T h e r m o d y n a m ic  P a r a m e t e r s  f o r  t h e  F o r m a t io n  o f  a 
L e u c in e - I so l e u c in e  H yd r o ph o b ic  B ond  o f  M a x im u m  

B ond  Str e n g t h

, °C. A F h «£°,
keal./mole

A  H  Hi>n, 
kcal./mole

ASu<P°,
e.u.

0 -O . 8 4 2.3 1 1 . 6

1 0 - 0 . 9 5 2.0 10.4
20 - 1 . 0 5 1.6 9.2
25 - 1 .0 9 1. As 8 .5
30 - 1 . 1 3 1.2 7.840 — 1.2l 0.8 6.5
50 - 1 .2 6 0.4 5.1
60 — 1 .3 1 - 0 .1 3.6
70 —1.34 - 0 .6 2.1

At high temperatures, both A lls/  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 AFn̂ >°-

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.33

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?H0O and A,S'h«° are much more positive than for 
aliphatic bonds, resulting in a smaller value for 
I AFh0° |. 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.34 The minimum distances to which atoms 
on various side chains can approach are listed in 
Table VIII. The van der Waals radius36 of the

(33) H. A; Scheraga, G. N^methy, and I. Z. Steinberg, J .  B io l .  
C h em ., 237, 2506 (1962).

(34) The interatomic distances of Table VIII 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,”  Cornell 
University Press, Ithaca, N. Y., 1960, 3rd ed., p. 260.
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CH3 or CH2 group 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 CH2-group, 
and is able to approach even closer than 4 A. in the 
cases marked b in Table VIII. Ifo the 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.

T able  VIII
D istance of C losest A pproach of A toms on V arious 
Side C hains in a  R ight H anded « -H e l ix  C omposed of

l-A mino A cids
Atoms d  (A.) Remarks Atoms d (A.) Remarks

Aliphatic side chains
70-71 4.0 C ß<r<X4 5.6 a

7o_ 8i <4.0 b , c ß o  ß& 6.2 a

So- 7 1 <4.0 b , c 7o-& 5.2
50—81 <4.0 b ,c 70-74 4.3 c

OiQ QT3 5.0 a 7 0 -8 4 <4.0 b , c

ßo~OiS 3.8 a , c 80—^4 4.5
ß<)~ßz 5.0 a 8 0 -7 4 <4.0 b , c

ß o - y * 5.5 80—84 <4.0 b ,c

7 o-<*3 4.5 Aliphatic-aromatic side
chains

y c r ß s 5.2 Bz0—ft 5.1
7 0 - 7 3 5.2 B z0- 7 i 4.0 c

70-53 4.0 c , e B zq—5i 4.0 c

8o-«3 4.0 c , d Bzo—is 5.4
5o—ß z 5.0 Bzo-83 4.0 c

8 0 -7 3 4.2 c ,d , e Bzo—« 4 5.5
80-83 <4.0 b , c Bz0-f t 4.8
OiQ—CCi 6.0 a Bzo-74 <4.0 b ,c

B zo-54 <4.0 b ,c

a Distance fixed by the structure of the a - helix. Inall other cases, the distances given are the minima obtain­able with suitable orientation. b The distance of minimum approach is determined by the sum of the van der Waals radii, not by the limitations due to the orientation of the side chains. c Distance corresponds to the formation of a strong hydrophobic bond. d The two interactions, 50-«3 and So-73, must occur simultaneously. * The two interac­tions, yo- 53 and So-73, cannot occur simultaneously.
Hydrophobic bonds are possible involving the 

pairs of atoms marked c in 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 S0-a 3 and 70- 73, 
70-74 and <50-<54, 70-64 and 60- 74, Bzo-74 and Bz0-  
64, Bz0- 7i and Bz0-5i may occur simultaneously. 
Two phenylalanines can interact only by a weak 
Bz0-/3i bond without unfavorable rotation of the 
two side chains.36 An example of a 60-74 bond be­
tween a leucine and a valine side chain is given in 
Fig. 3.

(36) Interactions of the phenyl group, denoted by Bz in Table VIII, 
are possible only on the edge of the ring, where the van der Waals 
radius 2.0 A. is applicable.

A

Fig. 3.—Hydrophobic bond between a leucine and a valine residue in the 0-4 relative positions on a right handed «- helix composed of L-amino acids. Other side chains are omitted for the sake of clarity. (A) Skeleton drawing showing the positions of the atoms in the helix37 and in the side chains. Dashed lines represent backbone hydrogen bonds; the dotted line the leucine-valine hydrophobic bond. The position of other side chains is indicated by R, with all residues corresponding to L-amino acids. (B) Space-filling model, drawn to scale, using van der Waals radii as given by Pauling.36 Only the atoms in the two side chains form­ing the hydrophobic bond and the «-carbons carrying them are drawn with van der Waals radii.
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 l- or all D-amino 
acids. Such interactions on a poly-D,L-alanine a- 
helix have been discussed by Linderetr0m-Lang.37 
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 +  0.0330772 (18)
(37) K. Linderstr0m-Lang, Acta Chem. Srand., 12, 851 (1958).
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Fig. 4.—Hydrophobic bonds in /¡-structures, with van der Waals radii of the atoms drawn to scale. The primary backbone chains run perpendicularly to the plane of the drawing. The distances used in preparing the drawing are based on Table II and Fig. 6 and 7 of Pauling and Corey’s paper38 describing the ^-structures. The residues drawn represent alanines; longer side chains could be able to form stronger hydrophobic bonds. The arrangements of the atoms is shown in the structural formulas on the left. (A) Antiparallel-chain pleated sheet structure, showing the alternation of two distances between adjacent residues. Only the shorter distance corresponds to a hydrophobic bond. (B) Parallel chain pleated sheet structure, with a weakened hydrophobic bond between each adjacent pair of residues.
A discussion of the thermal stability of this poly­
peptide has been presented elsewhere.33

b. Pleated Sheets (/3-Configurations.)—The two 
pleated sheet structures proposed by Pauling and 
Corey38 allow 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 c l ­

o t  ,8-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 AFurJ1 for each addi­
tional pair of CH2-groups 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) L. Pauling and R. B. Corey, Proc. Nail. Acad. Sci. U. S., 37, 
729 (1951).

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 bonds33 may assume a higher impor­
tance in their case.

This may provide an explanation33 of the obser­
vation by Rosenheck and Doty39 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 CH2 groups, 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 AHh P̂ =  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-NIi2-groups also are important; 
being on the surface of the pleated sheets, they can 
interact favorably with water, enhancing the solu­
bility of the structure.

c. 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 raised7 by 2 AEr 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.40 Its energy level is 
lowered7 by 2AE\ 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 Fwcc-

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 =  Fwcc — 
Fw°, with similar expressions for AHwcc and ASwcc. 
The three quantities are listed in columns 2 to 4 
of Table IX . 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) The structure is similar to the gas hydrates, except that the 
coordination number increases by two instead of by four.

Fig. 5.—Schematic drawing of a structure with a single layer of water molecules (AAABC) between two nearby side chains. The two side chains are drawn with van der Waals radii to scale. Only the centers (oxygens) of the water molecules are shown. For the sake of clarity, hydro­gen bonds are not shown extending from the structure to the rest of the cluster of which it is a part. The cluster is to be pictured as lying mainly behind the plane of the draw­ing, extending into the plane above the structure. A, B, and C represent tetra-, tri-, and di-hydrogen-bonded water molecules, respectively, in contact with b o th  side chains. They are discussed more fully in the text. In the regions D, unbonded water molecules are next neighbors of the two side chains (corresponding to the partial character of the cages).
and with AFwcc >  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

T a b l e  IX
T h er m o d yn a m ic  P a r a m e t e r s  f o r  t h e  F o r m a t io n  o f  a 
Sin g l e  I n t e r m e d ia t e  W a t e r  L a y e r  b e t w e e n  T w o  

N e a r b y  A l ip h a t ic  S id e  C h a in s

(AF  and A H  in kcal./mole, A S  in e.u.)
Difference between the Formation of the structure starting 
intermediate layer and from two isolated side chains®

pure water
i,

°c, Affw00 Affwcc ASw0C AFsi0 Affai0 AiSsi0
0 0.17 -0 .6 9 -3 .2 -1 .7  X 10-3 -11  X 10-3 -0 .0 3

25 .25 -0 .5 6 -2 .7 +  1.1 -5 3 -0 .1 8
50 .31 -0 .36 -2 .1 7.2 -8 7 -0 .2 9
70 .34 -0 .1 7 -1 .5 13.7 -113 -0 .37
“ The values are given for A Y ‘  = 1 and have to be multi­plied by the appropriate A Fe for a particular 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 II. 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 1/2AYS water 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 hydro carbon-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)(FWCC +  Fw°) -  Fw°] (19)

=  AF8[(1/2)AFV° +  (Fw° -  i V ) ]
Numerical values of the thermodynamic param­
eters are given in Table IX  for A Fs = 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 II 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

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 
a much 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 coordination41 by 
3 or 4. 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 a consequence, 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 
papers4’8'19'42’43 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.18-44 
However, in this paper and in paper II 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) I. M. Klotz and J. Ayers, J. Am. Chem. S o c79, 4078 (1957).
(43) I. 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.10

The clusters in water are short-lived,44 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 water43 is 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 account20 (see also section 6c).

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 (CH3)2 group, 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.46'46

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,48'49 
discussed by Klotz and Luborsky19 in terms of a 
cooperative stabilization of the water lattice, may 
be caused either by unfolding, leading to exposure 
of non-polar side chains,48'49 or 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, J . A m . C h em . S o c ., 83, 4865
(1961).

(46) I. 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).

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  -

(1/ 2)£ ’rw ] +  ZnkER +  XI AEroy  (20) 
j  = i

Here, A Ft8 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 A Ft8, 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).

T a b l e  X
T h e r m o d y n a m ic  P a r a m e t e r s  f o r  th e  F o rm a t io n  o f  a  
H yd r o ph o b ic  B ond  b y  T h r e e  I so l e u c in e  Sid e  C h a in s  a t  

25°

Type of bond t/  to A Ft" Z r , k
AFh<£° A H r 4>° ASn<t>° 

kcal./mole e.u.
( i )  Two pairwise 

contacts 
(Fig. 6-1) 
maximum 1 .5 32 13 - 4 . 2 6.4 35
minimum 1 .0 5 4 2 - 0 . 6 0 .7 4.4

( i i )  Triple
contact 
(Fig. 6-II) 
maximum 2 . 0 36 18 - 4 .9 6 . 7 38
minimum 1 .2 8 3 - 0 . 9 1 .6 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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Fig. 6 .—Schematic representation of typical hydrophobic bonds involving three side chains. (Covalent bond lengths and van der Waals radii not to the same scale.) The upper drawings represent a side view of the structure. The lower drawings are sections along a plane through a—a, perpen­dicular to the plane of the paper. (I) Two pairwise con­tacts between side chains A. . ,D and B. . .D, respectively. Further interactions of A and B are possible with side chains in locations E and F, respectively. (II) One triple contact of the three side chains A, B, and D. An additional side chain (belonging to backbone 2 ) may be located in position G in the case of a bond of higher order. X marks the loca­tions where contacts between side chains and the opposite backbone are possible.
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.11'47.60

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 
eq. 20 still can be used as a first approximation.

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
AFtr° =  Y S[ F J  -  F wc -  (l/2)ERW) +

Z rE r  +  A F Iot (21)
where Fs is the total number of water neighbors

(50) J. Hermans, Jr., and H. A. Scheraga, J. Am. Chem. Soc., 83, 
3293 (1961).

around the side chain, given in Table I, and Zr =  
x/2Fs in this case. Numerical values for various 
side chains are given in Table XI. In determining 
AFrot, r /r 0 =  1.5 was used.

T able  XI
T hermodynamic Parameters for the T ransfer  of a

N on- polar Side C hain from W ater INTO A N on- polar

Nature of

R egion at  25°
AFtr0 Atftr0 AiStr0

region Side chain kcal./mole e.u.
Aliphatic Ala - 1 .3 +  1.5 +  9.4

Val - 1 .9 2 . 2 13.7
Leu - 1 .9 2.4 14.3
lieu - 1 .9 2.4 14.5
Met - 2 . 0 2.7 16.0
CySH - 1 . 6 1 . 8 11.4
Pro - 2 . 0 2 . 2 14.0
Phe° - 0 .3 2.7 1 0 . 1

Aromatic Phe - 1 . 8 1 . 0 9.5
“ In determing AFrot, t / to  = 1 .1  was used.
The thermodynamic parameters estimated by 

Kauzmann10 correspond 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 X I 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 wTater 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,10 
and also in paper II 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, A77tr0 becomes more positive with in­
creasing side-chain size instead of the reversed trend 
observed6'10 for 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 X I 
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.61

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.44’62 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 XII.

T a b l e  XII
T h er m o d yn a m ic  P a r a m e t e r s  f o r  th e  F o rm a t io n  of 
H y d r o ph o b ic  B onds  I n v o lv in g  S id e  C h a in s  C a r r y in g

P o l a r  E nd  G roups  (2 5 ° )
(Maximum bond strengths) 

AFn ̂ .o
Amino acid

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

Glutamine“
4 2 - 0 . 5 0 . 7 4 .0

Arginine“ 6 3 - 0 . 7 1 .1 6 .0
Lysine“ 8 4 - 1 . 0 1 .4 8 .1
Tyrosine6 10 5 - 1 . 2 0 .7 6 .1

“ Bonded to leucine. 6 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) Ions 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.

aqueous carboxylic acid solutions. Schreiner63’64 
has found an increment of about 20 cal./deg. mole 
in the partial molal heat capacities per CH2-group 
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 
VII of paper II). 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.66.56 A mechanism for the volume 
change was given in paper II. 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 II 
as

AVh*° =  1-79 A T V  (22)

The quantity 1.7924° for aliphatic and aromatic 
hydrocarbons, derived from data presented in 
paper II. is given in Table X III for various tem­
peratures. For an aromatic-aliphatic hydrophobic 
bond, the arithmetic mean has to be taken. At 
25°, A F h*° =  3 to 7.7 cm.3/mole, depending 
on the value of AFa. This most probably is an 
underestimate, because the calculated AV° values 
in paper II 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, AVh «0 
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.8’67 The present theory also can

(53) F. Schreiner, Ph.D. Thesis, Universität Hamburg, 1959.
(54) Th. Ackermann and F. Schreiner, Z. Elektrochem., 62, 1143 

(1958).
(55) D. D. Eley, Trans. Faraday Soc., 35, 1421 (1939).
(56) W. L. Masterton, J. Che n. Phys., 22, 1830 (1954).
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account for the observation8-57 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

T a b l e  XIII
V o lu m e  C h a n g e s  fob  t h e  F o r m a t io n  o f  H y d r o ph o b ic  
B onds , E x p r e ss e d  p e r  M o le  o f  W a t e r  R em o v e d  fro m  

C o n ta c t  w it h  th e  S id e  C h a in s
AFh4>°/AYa = 1.79aM° (cm.3/mole) for

Ì, ”C. aliphatic
side chains

aromatic

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.

(57) K. U. Linderstrdm-Lang, Cold Spring Harbor Symp. Quant. 
Biol., 14 117 (1950).

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 this manner, 
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.11-68 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 
reactions11 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.61

It has been pointed out to us by Eigen59 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 albumin69 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 Franzen60 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

(1962). 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 
quantitative 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.11

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.

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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DISCUSSION
H. E. R ibs, J r. (American Oil Company).—Would you give the approximate size of the holes in the so-called “water clusters?” Are they large enough for normal hydrocarbon chains?
H. A. Scheraga.— The water cluster forms a p a r t i a l  cage around the hydrocarbon solute. The cage does not 

c o m p l e t e l y  enclose the hydrocarbon chain. See Fig. 3 and 4 of paper II for an illustration of the relative size of the partial cage.
J. L yklema (University of Southern California).—Is it possible to obtain inference on the hydration and iceberg- formation of actual systems from electrokinetic measure­ments?
H. A. Scheraga.—We cannot do so in the present stage of the theory. Our calculations pertain to the influence of wore-polar groups on water structure. We have, as yet, made no calculations about the influence of polar groups on the solvent; the polar groups would play an important role in electrokinetic measurements. We are, however, con­sidering the extension of our calculations to take account of the influence of polar groups (ions and dipoles) on the struc­ture of water.Also, we are carrying out several experimental studies (other than electrokinetic measurements) on model systems in order to assess the influence of non-polar groups on the water structure.
R. J. G ood (General Dynamics).—Does your theory of water explain the change in slope of the surface tension of supercooled water that occurs around —14°?
H. A. Scheraga.— While our theory is applicable to a calculation of the surface tension of water, we have not computed this quantity. In the first paper of this series we have pointed out that our model does not give rise to any discontinuity of the calculated properties near 35°, a temperature at which discontinuities have been reported. Therefore, I  doubt if calculations with our model would show any discontinuities in the surface tension of super­cooled water. However, it may be possible to modify eq. 

6 -8  of paper I in order that the model lead to discontinuities in the thermodynamic properties.
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Silica gels were prepared by acidification of purified sodium silicate solution containing 4% Si02. These gels were used as substrates for contact angle measurements with paraffin oil drops and methylene iodide drops in air. In the absence of capillary active contaminants, no significant hysteresis of the contact angle was observed, and the values of the contact angles checked closely with the Young’s equation values predicted from the surface and interfacial tensions of the oils against pure water. Traces of such contaminants caused marked hysteresis. Contact angles made by solutions of hexa- decanol in purified paraffin oil against pure silica gel were determined as a function of solute concentration. At hexadecanol concentrations below 0.25% by weight of oil, contact angle hysteresis was appreciable and concentration dependent, al­though advancing angles approximated those predicted from Young’s equation. Above 0.25%, hysteresis disappeared, and Young’s equation was obeyed. Oil containing n-decanol did not exhibit hysteresis at any concentration studied. A mechanism, based on local compression of the interfacial film, has been suggested to explain the contact angle behavior. This type of phenomenon may also occur on solid surfaces, and can constitute a cause of hysteresis.
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

7 l

where 0 is the contact angle, ys, y l , and y s l  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., is not capillary 
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).

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.

Nomenclature
c concentration, % by weight 
R  gas constant, ergs per g. mole, °K.
T  temperature, °K.

Greek letters
7  boundary tension, dynes/cm. „T boundary concn. (or excess), moles/A.5 
7t boundary (spreading) pressure, dynes/cm.
6 contact angle, degrees

Subscripts
L liquidS solidV vapor(c) equilibrium value a t concn. c 

Superscripts
A advancing
0 no solute presentR  recedingRA readvancingRR rereceding

H. Experimental
A. Materials.—White, light, paraffin oil, obtained from Fischer Scientific Co., was purified by treatment with fum­ing sulfuric acid. The oil was then washed with water and dilute sodium hydroxide. The last traces of capillary active materials were removed by percolation of the oil through activated silica gel. The resulting oil was colorless, odorless, and its interfacial tension against a 2 % aqueous sodium hydroxide solution was 53.5 dynes/cm. and showed no significant lowering for a 2 -hr. period.Methylene iodide, obtained from Eastman Distillation Products, Inc., Rochester, New York, was purified by fractional distillation in an all-glass apparatus a t a total pressure of 5.0 mm. The center 50% was combined and fractionally crystallized twice from the melt. The final product had a clear, pale yellow color and melted at 6.06°, compared to Fox’s value of 6.10° 3 and Carter and Jones, 6.05°.4 The surface and distilled water interfacial tensions were found to be 50.2 and 41.4 dynes/cm., and the surface tension of water saturated with methylene iodide was found to be 71.9 dynes per cm. at 25°.Sodium silicate solution, grade 33, obtained from the Diamond Alkali Co., with a Si02 to Na20  weight ratio of 3.4 to 1 and density of 1.3916 g./cc., was used to prepare the silica gels by acidification of a dilute solution with sul­furic acid. The sodium silicate solution was purified by contact filtration with activated charcoal until the silicate caused no lowering of the interfacial tension of the purified
(3) W. Fox, J. Chem. Phys., 10, 623, 743 (1942).
(4) E. G. Carter and D. C. Jones, Trans. Faraday Soc., 30, 1025

(1934).
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paraffin oil in a 6 % solids content aqueous solution during a 
2 hr. test.

Du Pont reagent grade sulfuric acid was purified by three fractional crystallizations of the monohydrate. The final product was clear, colorless, and a 2 % solution showed no significant lowering of interfacial tension against the purified paraffin oil for a 2 hr. period.Hexadecanol, obtained from Eastman Distillation Prod­ucts Industries, was purified by crystallization from an ethanol-water mixed solvent. After purification the melt­ing point range was 48.5 to 49.5°, compared to the literature value of 49.3° .5 6Decanol, obtained from Eastman Distillation Products, Inc., was purified by fractional distillation in an all­glass unit at a pressure of 10 mm. The center 60% was combined and fractionally crystallized from the melt, discarding the least fusible third each time. The final product froze between 6.363 and 6.008°, compared to the cited value of 6 .0 ° . 6Distilled water from a commercial block tin laboratory distillation apparatus was found to be sufficiently free of capillary active impurities (7 a 0 =  71.98 ±  0.02 dynes/cm.); therefore, no further purification was necessary.B. Apparatus.—-The surface tension measurements were made with a Wilhelmy slide apparatus constructed from a chainweight type analytical balance. A glass slide was used for measurements on aqueous solution; a platinum slide was used for organic materials. This apparatus was accu­rate to ±0.05 dyne/cm. Interfacial tensions were ob­tained from measurements of the Neumann “ contact” angles, the angles associated with the three fluid phase intersection of an oil drop on the aqueous phase in air. This method was generally accurate to ± 0 .1  dyne/cm. Both the Wilhelmy slide and Neumann angle technique were reproducible and permitted the surface and interfacial tensions to be measured as a function of time. Drop weight, du Nouy ring, and pendant drop methods were also investi­gated, but they were not generally satisfactory; the former two because they were insensitive to traces of capillary active contaminants, and the latter, because of its physical limitations in handling gelling solutions.Contact angles, including the Neumann angles, were photographed by means of a photomicrographic apparatus employing a Polaroid-Land camera. The angles formed by sessile drops were silhouetted by means of a collimated light source, and the resulting image was magnified about 60 diameters. The system under consideration was held in a closed, temperature controlled cell. The angles were measured directly from the photographs with an accuracy of about ±0.4°.C. Procedure.—Silica gels were prepared from the purified reagents by acidifying a dilute sodium silicate solution so that a silicic acid sol, which gelled in about 3 hr. at 25°, resulted, containing 4.0% Si02 at pH 4.05. The gels were allowed to age and harden before measurements could be made without deformation of the gel surface. During this hardening period, exudation (syneresis) of aqueous liquid from the gels occurred, necessitating a careful drying process before contact angles could be measured. This was accomplished by placing the gels in a desiccator over an indicating silica gel dehydrating agent. As soon as the last trace of free liquid had evaporated, the gel was removed from the drying desiccator and stored in another desiccator over an aqueous 0.19 M  sodium sulfate solution until the measurements were begun.Solutions of hexadecanol in purified paraffin oil were prepared ranging from 0.0001 to 1 .0 % hexadecanol, and the surface tension, distilled water interfacial tension, and the distilled water surface tension in equilibrium with the oil were measured. Contact angles of these oils on gel surfaces were also measured. Solutions of decanol in puri­fied paraffin oil were prepared, ranging from 0.001 to 1 .0 % decanol. Boundary tensions and contact angles were measured for these solutions as they were for hexadecanol.With the hexadecanol-oil-water system, rate of attain­ment of boundary tension equilibrium was quite slow. Complete equilibration a t the oil-water interface was a t­
(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).

tained in about 2 hr. at 0 .0 0 1% hexadecanol concentration, the time increasing to about 4 h T .  at the higher concentra­tions studied. Equilibration a t the water surface was virtually instantaneous below 0 .1 % hexadecanol, but re­quired extremely long periods of time (upwards of one week) at a concentration of 0.15%, corresponding to the condi­tion where the alcohol first adsorbed in substantial concen­tration a t the water surface. At, still higher concentrations, the equilibration time for the water-surface decreased to about 8 hr. The greatest changes in both surface and inter- facial tensions took place during the first half-hour of measurement; subsequent changes with time seldom ex­ceeded 1.0 dyne/cm. These changes were reflected in a 5-10° change in the Neumann angle during the first 10 min. of observation, and an additional 5-10° change during the next 20 min.With the decanol-oil-water system, wherein both phases were initially mutually saturated, the time for boundary equilibration was much shorter—seldom longer than 2 hr. The major changes invariably took place within the first 5 min. of observation.With the alcohol-oil-gel systems, on the other hand, no time-dependent variations in contact-angles were observed (within experimental error) within the period of observation of approximately 30 min. The period of observation was necessarily limited by continued shrinkage of the gel, which eventually caused the gel surface to fall below the rim of the confining vessel.
III. 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 II. The Young’s equation 
contact angles computed from the boundary tension 
data presented in Table I also appear in Table II. 
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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T able  I
Se le c te d  B o u n d a r y  T e n sio n  V a lu e s  a t  25 .0°

Phase 1 Phase 2 Tti accuracy, dynea/cm. Method

Water Air 71.98 ±  0.02 Wilhelmy slide
4% SiCh sol Air 72.72 ±  .03 Wilhelmy slide
Pure paraffin oil Air 30.3 ±  .1 Wilhelmy slide and ring
Pure paraffin oil Air 30.2 ±  .1 Drop weight
Par. oil +  1 % cetyl ale. Air 30.1 ±  .2 Drop weight
Par. oil +  1% decyl ale. Air 30.2 ±  .2 Drop weight
Water Pure para, oil 53.0 ±  .1 Neumann angle
4% Si02 sol Pure para, oil 53.5 ±  .2 Neumann angle
Water sat. w. M el2 Air 71.9 ±  .1 Wilhelmy slide
Mel2 Air 50.2 ±  .1 Wilhelmy slide
Mel 2 Air 50.2 ±  .2 Neumann angle
M el2 Air 50.1 ±  .5 Pendant drop
Meb Water 41.4 ±  .2 Neumann angle

T a b l e  II
C o n ta c t  A n gles  on  G e l  Su r fa c e s  a t  25.0° 

Gel 4.0% SÌO2, setting time, 3 hr.
Oil 0&dv 0reo $oal No. of

Gel (pure) degrees degrees degrees meas.
Pure® Paraffin 50.5 ±  0.5 4 9 .5  ±  0 .5 50.8 ±  0.5 12
Pure6 Paraffin 51.3 =fc .5 51.3 dr .5 50.8 ±  .5 4
Pure® Mel2 52.2 ±  .4 52.0 ±  .7 52.8 ±  .4 12
Impure® Paraffin 32.5 ±  2.5 0 12

0 By sessile drop. 6 By captive bubble.
hexadecanol in oil appear in Fig. 1. The boundary 
pressure, ir, i.e., the lowering of boundary tension

5r(c) = 7° ~ 7(c) (2)
where 70 is the boundary tension in the absence of 
additive, and 7 (c) is the boundary tension at additive 
concentration c, 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

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-

tions vs. boundary pressure computed from eq. 3 
is presented in Fig. 2. The Langmuir trough data 
of Harkins and Morgan8 for 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 t 11, 637 
(1952).
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10-3 10—3 10-1 1.0
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).

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 — Ysl(o) (4)
where ys(0) and yslod represent the equilibrium 
boundary tensions at concentration c, and 9 is the 
equilibrium contact angle.

Since, in the absence of solute

Yl cos 9° =  ys° — Ysl° (5)
then in the presence of an additive concentration, c

Yl (cos 60 — COS 9) =  7rS{c) — xsl(c) (6)
If hysteresis is observed, or if the measured angle 

is different from that predicted from eq. 6, then

Yl (cos 90 — cos 0A) =  xsA — 7tslA (7)
and

Yl (cos 9° — cos 0R) =  5tsR — ttslR (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

7TSR =  7TS(c) =  0 (9)
whence

Yl (cos 9° — cos 0R) =  — 7tslR (10)
Since 7tsl, the interfacial pressure, is a unique 

function of Tsl, the interfacial concentration, the 
values of Tsl11 corresponding to the compressed 
film with interfacial pressure 7tslr have been 
estimated from Fig. 2 and plotted in Fig. 4. The 
assumption that 7rsR =  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

7l (cos 0a — 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

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 III. 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

7 l  (cos 0 r a  — cos 0 )  =  7TS (c )  — xsRA ( 1 2 )  

Whence, from eq. 11
RA v, _ A Xs >  Xs

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

7 l (cos0° — cos 0R) =  xsRA — xSlR (13)

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

The results of these calculations are summarized 
in Table III. I t  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(c)), 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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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 .— po cos 0 vs. 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



1798 A l a n  S. M i c h a e l s  a n d  S h e l d o n  W. D e a n , Jr . Vol. 66

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
H a r l e y  Y. J e n n in g s , 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. M ic h a e l s .—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. M y se l s  (University of Southern California) and 
A. S. M ic h a e l s  (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. F o w k e s  (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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DETECTION OF METAL ION HYDROLYSIS BY COAGULATION. V.1
ZIRCONIUM2
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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 sols in statu nascendi. At pH <2.5 the prevailing species in dilute 
solutions of zirconium nitrate is Zr4+. Over the pH range 5.5-7, a triply charged hydrolysis product is formed. Analysis 
of the coagulation data indicates the formation of either dimeric species, _Zr2(OH)63+, or trimeric species, Zr3(OH)93+. At 
concentrations somewhat higher than those which cause coagulation, the zirconium solutions reverse the charge of the silver 
halides. This effect is also pH dependent. In solutions of zirconium sulfate, a slow hydrolysis from Zr4 + to triply charged 
species occurs which has been followed 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, Britton4 disputed its existence and 
this opinion is now shared by many other investi­
gators.6'6 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.3'7'8 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,6-12'13 
and (c) ion exchange studies performed by Lister 
and McDonald14 and Larsen and Wang.15 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 e r 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,8'14 
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.17

Coagulation has been applied successfully to 
detect the charge of the hydrolyzed species of 
thorium,18 aluminum,19.20 and 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, K o llo id -B e ih . , 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. P h y s .  C h em ., 64, 1157 (1960).
(19) E. Matijevi6, K. G. Mathai, R. H. Ottewill, and M. Kerker, 

ib id ., 65, 826 (1961).
(20) E. Matijevi6 and B. Teiak, ib id ., 57, 951 (1953).
(21) E. Matijevi6, D. Broadhurst, and M. Kerker, ib id ., 63, 1552 

(1959).
(22) E. Matijevi6, K. F. Schulz, and B. Teiak, C roat. C hem . A c ta ,  

28, 81 (1956).
(23) B. Teiak, E. Matijevifc, and K. Schulz, J. P h y s . C h em ., 59, 769 

(1955).
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Fig. 1.— Coagulation (r, O; full line, 10 min., dashed line, 
GO min.), mobility ( « ,□ ) ,  and pH (A) curves of a negative 
silver bromide sol in statu nascendi in the presence of various 
concentrations of zirconium nitrate. Concentrations: 
AgN 03, 1 X  10-4  M ; KBr, 2 X  10~ 3 M. 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 Zr2(OH)53+ or a trimer Zr3(OH)93+. 
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.19’20'24 
The sol concentration was 1 X  10 ~ 4 M  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, A gN 03 and zirconium 
nitrate were in one solution prior to mixing and KBr (or 
K I) and NaOH in another. Parallel runs were prepared 
without KBr (or K I) in order to determine whether insoluble 
metal hydroxides were formed. Only systems where no

(24) B. Te2ak, E. Matijevic, and K. Schulz, J. Phys. Chem., 55, 
1557 (1951).

precipitate appeared in these blanks were utilized in the 
coagulation experiments.

The electrophoretic mobility of the silver halide b o I 
partic es was determined using a microelectrophoresis 
equipment with a Mattson type cell, 26 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.26 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 

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 NaOIi 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.8'9’14'27-30 Although zirconium sulfate, 
Zr(S04)2, is extremely soluble,31 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 in a 2 X 10 ~4 M  solution of zirco­
nium sulfate in the presence of 0.004,0.002, and 0.001 
M  H N 03 after 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  H N 03. 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).

Fig. 2.—Coagulation (r,o), mobility (« ,□ ) ,  and pH (A) 
curves of a silver bromide sol in  statu nascendi in the presence 
of various amounts of zirconium nitrate. Concentrations: 
AgN03) 1 X  1 0 -4 M ;  K B r, 2 X  10“3 M ;  H N 0 3, 2 X  lO “ 8 
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 ( □ ,■ )  in  statu nascendi. Concentrations: 
AgN 03, 1 X  10 ~4 M ;  K B r or K I ,  2 X  10~3 IK ; 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 concentration of 
zirconium sulfate for a negative silver bromide sol in statu 
nascendi against the age of the zirconium sulfate stock solu­
tion. Concentrations: AgNOj 1 X 10 “ 4 M ; KBr, 2 X
10~3i f ;  HNO3, 1 X 10~3, 2 X 10~3, and 4 X 1 0 M, re­
spectively. _ The concentration of the zirconium sulfate 
stock solution was 2 X 10 ~4 M.
performed before onset of precipitation. In the 
presence of 0.001 and 0.002 M  H N 03 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  10~7 M, 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.11-16.i7.34 The only ones to oppose it were 
Lister and McDonald,14 but Larsen and Wang15 
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,11-17-30 
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.27-34-36 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),

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  
1 0 M  and 8 X  10~5 M  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 
Zr2(OH)63+ or Zr3(OH)93+.

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 ,19 for La3+ is 3 X  10~6 M ,22-36 and for ThOH3+ 
is 2.5 X 10~6 M .ls 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 ~6 and 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(OII)63+ and 
Zr3(OH)93+ 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)3.4°-6+]n based 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.6'10’28'87-37 38 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.6'12 Similar results were obtained from 
extraction experiments. Connick and collabora­
tors11-17 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 Zr3(OH)93+ 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 IO-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).

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  H N 03 
levels off at values characteristic for triply charged 
counterions, such ions must be polymerized and 
can be represented by [Zrn(0 H)m(S0 4)2n-(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 systems89 
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. II. EXTENSION OF INVESTIGATIONS TO EARLIER AND

LATER STAGES OF HYDRATION
B y  D. L. K an tro , Stephen  B runauer , and C. H. W eise  

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

The investigation of the paste hydration of tricalcium silicate, Ca3Si06, 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
quences 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, Ca3SiC>6, and /3-dicalcium silicate, Ca2Si04, 
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- 
Si05-H 20  and Ca2Si04-H 20  systems.

Over a period of years, the stoichiometry and 
energetics of the Ca3Si06-H 20  and Ca2Si04-H 20  
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 
(5Ca0-6Si02-5H20). 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 I 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) S. Brunauer, D. L. Kantro, and L. E. Copeland, J. Am. Chem. 

Soc., 80, 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 
CasSi06 from 0.5 hr. to 400 days (5 to 100% hydra­
tion) and that of Ca2Si04 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 4 used 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 Ca2Si0 4, prior to hydration, were measured by nitrogen 
adsorption.

Results
X-Ray analysis showed that the composition of 

Ca2Si04 reported in Part I had to be revised. 
The composition used in the present paper is 
99.37% Ca2Si04 (with 2.47% CaO and 0.47% B20 3 
dissolved in it), 0.32% Ca3Al20 6, 0.05% MgO,
0.20% CaO, and 0.06% Si02. The composition of 
the Ca3Si06 preparation is the same as in Part I, 
98.18% Ca3Si06, 0.53% Ca3Al20 6, and 1.29% CaO. 
The compositions of the pastes were calculated as 
in Part I. The revised compositions of the older 
Ca2Si04 pastes, based on the newly calculated com­
position of Ca2Si04, are not significantly different 
from those reported in Part I.

The pastes included in this investigation which 
were not reported in Part I were those, both Ca3- 
Si05 and Ca2Si04, hydrated for times less than 1 
day; Ca2Si04 pastes 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 Ca3Si06 pastes hydrated at 5° for 400 
days and at 50° for 400 days.

A  separate group of Ca2Si0 4  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 Ca2Si0 4  will be discussed later. The 
degrees of hydration of Ca2Si0 4  and Ca3Si06 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 Vm vs. 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 Ca2Si04 at 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)2 is 
attributed to hydration of the excess CaO dissolved 
in Ca2Si04, even though no reaction of Ca2Si04 it­
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 Ca2Si0 4  reaction at 
any temperature and that the remaining excess CaO 
hydrated in proportion to the degree of hydration 
of the Ca2Si0 4 .

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 Ca2Si04 hydrated 
at 50° while the degree of hydration remains un­
changed.

The Ca3Si0 5  hydration at early ages bears cer­
tain resemblances to that of Ca2Si04. There is a 
normal temperature relationship for the degree of 
hydration up to about 20 hr. Although some Ca3-

Fig. 1.—Percentage hydration of Ca2Si04 vs. time.

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

Fig. 3.— Percentage hydration of Ca3Si06 vs. time.

Time, days

Fig. 4.— Surface development in the hydration of Ca3Si06 
ws. time.
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Percentage Co2Si04 Hydrated
Fig. 5.— Molar CaO/Si02 ratio of tobermorite (G ) vs. per­

centage hydration of Ca2SiOt.

Si Ob is 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 "Fm values 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 Ca2Si04 and 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- 
Si04 at 25°. The induction periods in the hydra­
tion of Ca2Si04 at 50° and Ca3Si06 at 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 2 ratios of the calcium silicate 
hydrate formed. These ratios for hydrates pro­
duced in the hydration of Ca2Si04 are 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/Si02 ratio, per­
haps as high as 2, which is that of Ca2Si04 itself. 
This intermediate product loses CaO and the CaO/ 
Si02 ratio 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/Si02 ratio 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)2 from 4 to 12 
hr. Shortly after 12 hr., the solution becomes un­
saturated, and at about the same time the minimum 
CaO/Si02 ratio 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

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)2 also present.

The observed CaO/Si02 ratios 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/Si02 ratios of the calcium silicate hy­
drates formed in the hydration of Ca3Si06 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/Si02 ratio passes through a minimum. 
It seems likely that the first step in the reactions of 
both Ca2Si04 and Ca3SiOB with water is the forma­
tion of a product with a CaO/Si02 ratio the same as 
the material from which it formed. This initial 
product loses lime rapidly, but not instantaneously. 
In the case of Ca2Si04, the calcium silicate hydrate 
is low in CaO with respect to the final product, 
whereas in the case of Ca3Si06, 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 Ca2Si04 and 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/Si02 data 
also indicate three stages in the process, though 
the last two stages are not as distinct for Ca3SiOs 
as for Ca2Si04.

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/Si02 ratio 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/Si02 ratio 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 I that 
thicker sheets have higher CaO/Si02 ratios, 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 I 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 Lx is 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 L2 is 0.92. One may arrive at the 
ratio in L2 in 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)2 is 1.39, as was shown in Part I. 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/ 
Si02 ratio 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 A t is the specific surface area of a tobermorite 
sheet n layers thick, N  is Avogadro’s number, M t 
is the weight of a pseudocell containing one mole­
cule (or the molecular weight), and a =  20.35 X 
10~16 cm.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 1 gives 1257 and 526 m.2/g . 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 first is

A u =  A 0(l -  a) (2)
where A a is the area of the remaining unhydrated 
material in the paste per gram of the original sili­
cate, A 0 is the specific surface area of the original 
silicate (0.67 m.2/g . for both silicates), and a is the 
fraction of the material hydrated. Equation 2 is 
strictly valid only for monodisperse systems. The 
second is

A p =  Ap +  fiiAi -f- /?2ri2 (3)
where A p is the area of the paste per gram of origi­
nal silicate; ft and & are weight fractions of Lj and 
L2, and Ai and A 2 are 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 )2 and T(G )3, present in the sys­
tem can be neglected.

(7) H. D. Megaw and C. H. Kelsey, Nature, 177, 390 (1956).

Percentoge Co3S 05 Hydrated
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 CaO/Si02 ratios and thick­
nesses of the gel coating are given in Table I. For 
Ca3SiOB, 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/Si02 ratio, 3.12. 
The ratio cannot be higher than 3.00, which is the 
ratio in Ca3SiOe. This indicates that all the split- 
off gel was Li.

T a b l e  I

Gel Coating CaO/Si02R atios and T hicknesses

Hydrated
substance

Hydration
conditions

fit/
(fit +  f i t )

Gel coating
Thick-

CaO/ ness, 
SiOi layers

Ca3Si06 0.5 hr. at 5° 1.00 3.01 25
Ca3Si06 0.5 hr. at 5° 0.00 3.12 24
Ca3SiO, 6 hr. at 25° 1.00 2.87 33
Ca3Si03 6 hr. at 25° 0.90 3.00 30
Ca2SiO, 4 hr. at 25° 1.00 1.83 28
CasSiO. 4 hr. at 25° 0.00 1.94 23
Ca2Si04 14 days at 5° 1.00 1.43 72
CasSiCb 14 days at 5° 0 .6S 1.44 62

For the lowest area Ca2Si04 paste, 4 hr. at 25°, 
the calculations of both extremes give reasonable 
values. The average of the extremes is a CaO/ 
Si02 ratio 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 C a0/S i02 ratio 
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 3 to 6 yu.

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

(a) Li +  Lx =  T (G U
(b) Lx +  L2 =  T (G )3J 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 L2 reacts with Lx, then Lx reacts with 
Lx. On this basis, one can calculate the proportions 
of Lx and L2 responsible for the final hydration prod­
ucts of Ca2Si04 and Ca3Si06.

As Fig. 7 shows, the specific surface area of the 
final tobermorite (G) is 290 m.2/g. for Ca2Si04 and 
355 m.2/g. for Ca3SiOB. The specific surface area 
of T(G )2 is 387 m.2/g., that of T(G )3 is 240 m.2/g., 
as was shown in Part I. Thus, the weight frac­
tions of T (G )2 and T(G )3 in the final tobermorite of 
Ca2Si04 are 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 
Ca2Si04 are 0.37 and 0.63, respectively, and for 
Ca3SiOe, 0.80 and 0.20, respectively. The mole 
fractions of Lx and L2 which, on the basis of eq. 4, 
lead to these mole fractions of T (G )2 and T (G )3, 
are 0.68 and 0.32 for Ca2Si04 and 0.90 and 0.10 for 
Ca3SiOs, 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 L2 to Lx increases as the 
hydration progresses.

5. The maximum surface area for Ca3Si05 was 
reached after 6 hr. of hydration at 25°, and for 
Ca2Si04 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 L2 to 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/Si02 ratio 
of about 2.9 for Ca3Si06, and 67 layers with a CaO/ 
Si02 ratio of 1.44 for Ca2Si04.

Thus, between 5 and 16% hydration, the gel

coating on the Ca3SiOB grains increased only 
slightly in thickness, from 25 to 32 layers, and the 
CaO/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 Ca2Si0 4 grains in­
creased strongly, from 25 to 67 layers, and the 
CaO/Si02 ratio dropped considerably, from 1.9 to 
1.44.

6. A reasonable explanation for the differences 
between the behaviors of Ca2Si04 and Ca3Si06 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 Powers8 proposes, 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 Ca3Si06 has a greater excess of lime 
than that of Ca2Si04, 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 Ca3SiC>B, 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 Ca2Si04 than for Ca3Si06, 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 Ca2Si04 coating is poorer in 
excess lime than the Ca3Si05 coating, 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/Si02 ratio 
of the gel coating decreases. Between 5 and 15% 
hydration, the decrease is slight for Ca3Si06; it 
is much greater for Ca2Si04. This is because the 
fast reaction of Ca3SiOs with water can keep the 
composition of the coating close to its initial high 
value, whereas the slow reaction of Ca2Si04 with 
water cannot. The decrease in CaO/Si02 ratio 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 L2 to Li increases as the hydration 
progresses.

The model described explains the long known but 
unexplained fact that tobermorite (G) in well hy­
drated Ca3Si05 pastes has a higher specific surface 
area than in Ca2Si04 pastes. The ultimate cause 
is that the CaO/Si02 ratio in Ca3Si06 is 3, whereas 
in Ca2SiC>4 only 2, leading to the conditions already 
described. The model also may explain the anom­
alous behavior of Ca2Si04 at 50°, shown in Fig. 1. 
The hydration appears to stop after 100 days, even 
though the Ca2Si04 is only about 70% hydrated. 
As Fig. 5 shows, the CaO/Si02 ratio 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

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 
ions9; 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.
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(9) S. A. Greenberg and V. S. Mehra, “ The Factors Controlling the 
Compositions of the Aqueous Phases in Contact with Portland Ce­
ment, "Proc. Fourth Intern. Sym. Chem. Cement, in press.
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Multilayer adsorption isotherms of argon on boron nitride have been determined at 66.0, 68.9, and 75.9°K. In addition, 
multilayer isotherms of nitrogen on boron nitride have been determined at 63.30 and 65.79°K. Isosteric heats of adsorption 
have been obtained and are compared with the isosteric heats of adsorption of argon on graphite (P-33). 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. The calculated and ob­
served interaction energies for argon-boron nitride are in good agreement. The observed interaction energy of argon with 
graphite is larger than that calculated. This discrepancy is discussed in terms of various interaction theories.

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.4’6 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 
calculations7 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~ 6 mm. 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).

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 
Robb9 or with a nitrogen vapor pressure thermometer using 
the data of Armstrong.10 Temperatures could be maintained 
to ± 0 .0 5°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 c equal to 2.50 and 6.66 Á., respectively. 
This corresponds to a nearest neighbor distance of 1.44 Á. 
and an interlaminar spacing of 3.33 Á. Giardini reported 
these same values.11

(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 a linear BET plot, whereas argon 
on graphite does not) and was equal to 5.30 ml. 
(STP)/g. This corresponds to an area of 19.6 m.2/g . 
Em estimated from point B would have been some­
what lower than that given above. Ross and Pultz2 
obtained Em equal 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

/Ò In (p / p 0) \  

\ ò  (1 /RT) / (1)

The plots of In (p/p0) vs. l/RT at constant 6 for

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. Em obtained from a BET plot is 5.41 
ml./g. at 65.8°K., corresponding to an area of
22.6 m.2/g. Point B again would yield a lower 
Em. The Em for 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 Halsey12
(12) J. H. Singleton and G. D. Hilsey, Jr., Can. J. Chem., 33, 184 

(1954).
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0
Fig. 2.— Isosteric heats of adsorption for argon on boron 

nitride.

have modified the Hill isotherm equation to read

■” -  -  J b  +  è (1 -  «> <2)
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, pn is 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 yield 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. 
E1 is the difference between the interaction energy 
of the adsorbate-adsorbent (Eini) and the self­
interaction energy of the adsorbate.12 The self­
interaction energy is equal to one-half the heat of 
sublimation of argon. Table I 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 Halsey14 (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-336 with 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).

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.4b 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,16 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-336 having 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 implied3 other 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, J. Chem. Phys., 36, to be published.



Oct.., 1962 M u l t i l a y e r s  o f  A r g o n  a n d  N i t r o g e n  o n  H e x a g o n a l  B o r o n  N i t r i d e 1813

Fig. 3.— Isotherms of nitrogen on boron nitride.

graphite16 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 I 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.17 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,18 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,17 or by 
assuming that the interaction does not have its

T able  I
C o m p a r i s o n  o f  t h e  C a l c u l a t e d  a n d  P r e d i c t e d  I n t e r ­

a c t i o n  E n e r g i e s

Sys­
Caled.®

ro
Caled.®

re
Expt.

re
Caled.
Pint,

Expt. &
Pint,
cal./ Expt.

tem (À.) (À.) (A.) cal./mole mole e
Ar-C 4.05c 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
Nü-B N 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 .16 d Pierotti and 
Petricciani.7 * Pierotti16 (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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0
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 Young16; 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 I 
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 Tuck19 and Gundry and 
Tompkins.20 The inverse-cube decay law for the 
argon on these solids has been verified15 indicating 
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 Bardeen21 and of Margenau 
and Pollard,22 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, T ran s. F a ra d a y Soc., 56, 
846 (1960).

(21) J. Bardeen, P h ys. Rev., 58, 727 (1940).
(22) H. Margenau and W . G. Pollard, ibid., 60, 128 (1941).

E„
ehx /2J5 _  nh_\
16 \ rs 7Tmv) ^  Rz

(3)

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 ra equal to 4.6 A. and n equal to 4.3 X  1021 
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,23 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 Pace4b or one based 
upon the order-disorder approach of Hijmans and 
de Boer24 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. B a l l o u  (Gulf Research & Development Co.).—■ 

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. P i e r o t t i .-—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.

H e r m a n  E. R i e s , 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? I 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. P h ys., 33, 424 (1960).
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R. A. P i e b o t t i .— The isotherms were a composite of ad­
sorption and desorption points. Hysteresis was not ob­
served anywhere along the isotherms.

W._H. W a d e  (University of Texas).— Why were the ad­
sorption temperatures so close together?

R. A. P i e b o t t i .— 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. Sc h a e f f e r  (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

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. P i e b o t t i .—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.

PHYSICAL ADSORPTION ON LOW ENERGY SOLIDS. I. ADSORPTION 
OF CARBON TETRAFLUORIDE, ARGON, AND NITROGEN ON 

POLYTETRAFLUOROETHYLENE
B y  D o n a l d  G r a h a m

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 -C F 2-C F2-units.1 Its total 
surface energy2 has 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. Ph ys., 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 .  Collo id  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 largely carbon 
monoxide)

The sample was redistilled several times to minimize non­
condensable gases and, as used, melted at 89.5°K. at a vapor 
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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1.— Adsorption of carbon tetrafluoride on polytetra- 
fluoroethylene at 145.3 and 154.4°K.

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 .0 0 2°.

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 abu e  I
P h y sic a l  C o n st an t s  o f  A d so rptio n  S ystem s

Adsorbate CF, Ar n 2
Latent heat of vaporization 

at Tav, cal./mole 2550 1580 1270
Ti, °K. 145.3 77.8 77.7
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 l) (at 7’,) 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) 2 2 . 2 14.1 16.6

Capacity of monolayer (F m) 
in ml. at STP/g. adsorbent 1.95 3.07 2.61
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T a b l e  II
C o m pa riso n  o f  O b s e r v e d  E n t r o p y  C h an g es  w it h  T h o se  o f  I d e a l ize d  M o d els  R e p r e se n t in g  S it e  A d so r p tio n  an d

M o b il e  A d so r p tio n

e
— AH, 

kcal./mole
— AF, 

kcal ./mole — AS

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

Experiment Theory Experiment Theory 
~  A*S°i gShr -  AS°m gSHr -  aS°tr

Carbon tetrafluoride
0 .2 0 2.95 0.71 15.0 17.7 35.9 1 1 . 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 1 0 . 1 11.7

.85 2.70 .26 16.3 12.9 35.9 1 0 . 1 11.7

Argon
0 .2 0 1.70 0.50 14.3 17.1 30.8 1 1 . 1 1 0 .0

.50 1 .6 8 .32 16.2 16.2 30.8 1 0 .0 1 0 .0

.70 1.63 .25 16.4 14.7 30.8 1 0 .8 1 0 .0

.85 1.56 .2 0 16.2 12.7 30.8 1 0 .0 1 0 .0

Nitrogen
0 .2 0 1.50 0 .6 8 8 .6 11.4 29.7 5.7 1 0 .0

.50 1.41 .48 10.3 10.3 29.7 5.6 1 0 .0

.70 1.40 .39 1 1 . 0 9.3 29.7 5.5 1 0 .0

.85 1.37 .34 11.3 8 . 1 29.7 5.9 1 0 .0

The adsorption isotherms for carbon tetra- 3500 r -
fluoride, argon, and nitrogen are shown in Fig. 1, 
2, and 3, respectively.

Film Pressures.—Film pressures (or changes in 
surface free energy with adsorption) were calculated 
at a coverage representing one statistical mono- 
layer, by graphical integration of the Gibbs equa­
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 
being within the probable limits of the experimen­
tal precision. This agreement among the three 
systems is consistent with their corresponding states 
(at temperatures close to their respective normal 
boiling points and at the same surface coverage). 
The low values are an indication of weak adsorption 
bonding.

Isosteric Heats of Adsorption.— Isosteric heats of 
adsorption, calculated by application of the 
Clausius-Clapeyron equation to the adsorption 
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-

(5) W. D. Harkins, “ The Physical Chemistry of Surface Films,” 
Reinhold Publ. Corp., New York, N. Y., 1952, p. 211.
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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. II, Academic 
Press, Inc., New York, N. Y., 1950, p. 223.

(8) J. H. de Boer and S. Kruyer, Proc. Koninkl. Ned. Akad. Weten- 
schap., B65, 451 (1952).

(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 II, strongly support earlier indica­
tions of adsorbate mobility. — AS0, (a combina­
tion of the experimental entropy of adsorption with 
a configurational term) is in every case much smaller 
than eS°tT (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<S°m (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 g/S°tr — a<S°tr (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

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. G ood (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. G raham .—-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. G raham .— 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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ADSORPTION STUDIES ON METALS. XI. WATER ON rc-TYPE
GERMANIUM POWDERS

B y  G. Sr in iva san , J. J. Ch essick , and  A. C. Z ettlem oyer  
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. 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 amount of water irreversibly adsorbed also was deter­
mined. The results revealed that the extent and energetics of chemisorbed water decreased with decreasing resistivity. In 
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. Evidently, water adsorbs donor-fashion on surface hydroxyl 
groups. Therefore, samples of low resistivity and high electron concentration chemisorb Lttle or no water.

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.1 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 .2 of 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 ~6 mm. 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 Vm values 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 e r 33, 229 (1962).

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

Fm’s 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 out1 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 .2 was 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).
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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,4 but 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-

(4) F. H. Healey, J. J. Chessick, and A. V. Fraioli, J. Phys. Chem.t 
60, 1001 (1956).

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 Fm’s. This total 
adsorption per unit area increased further to 1.7 
layers after activation of the sample at 150°. 
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 ohm-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 I 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 adsorption1 ex­
hibited a similar adsorption pattern for n-type 
germanium powders after thermal activations 
above 200°.

T a b l e  I
T o ta l , P h y sic a l , a n d  C h e m ic a l  A dso rptio n  o f  W a t e r  
a t  25° on  ti-T y p e  Ge P o w d e r s  A f t e r  A c tiv a tio n  a t  300°

SHzO (water area (m.2/g .)) '------- SH2O/SA---------
Sample Total

Physi­
cal

Chemi­
cal Total

Physi­
cal

Chemi­
cal

0.14 ohm-cm. 0.107 0.072 0.035 0.62 0.42 0 .2 0
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) (a) 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).

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 10~8 mm., 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

O

2 >  Ge—OH — > — Ge-----Ge— +  H20

O
/ \

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 HC1. 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 I 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 results1 is 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.

H H

O

H H
\ /

O

II H
O O

\  /  
Ge+2(e)

Low resistivity Ge

H H
O O
\  /

Ge+2
High resistivity Ge

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.
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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. The results are interpreted in terms of van der Waals and ion-induced dipole interactions.

In the past fifteen years there have been sporadic 
measurements of the heats of immersion (AH{) 
of Si02, A120 3, and Ti02 in saturated hydrocarbons. 
Healey, et al.,1 measured the heats of immersion of a
7.3 m.2/g . T i02 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. Stowe2 obtained a A//, of 
73 ergs/cm.2 for an alumina gel of 155 m.2/g. 
specific surface area in hexane. Aleksandrova and 
co-workers3 measured AH/s for Si02 gels with 
specific surface areas varying from 275-695 m.2/g. 
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., H20) 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, A120 3, and T i02 samples 
available from this Laboratory,6’7 8 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 9 9 +  mole %  n-hexane. The principal 
impurities of both grades are other hexane isomers. No 
differences in AH fa 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 water content of the hexane was reduced to levels 
undetectable by Karl Fischer reagent (>  1 p.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
1 2  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 .a/g . amounted to 100%.

Results and Discussions
The heats of immersion of the various Si02, 

AI2O3, and T i02 samples 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 
AI2O3 and T i02 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 H20  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.10-11 
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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T a b l e  I
H e a t s  o r  I m m er sio n  ( A H i) o f  V a r io u s  Si02, A120 8, an d  T i0 2 Sa m p le s  f o r  Spe c ific  Su r f a c e  A r e a s  (S )  in  m .2/ g . an d

O u tg a ssin g  T e m p e r a t u r e s  [T (O G )] as  N o ted

s
,-------SiOr

3.56 188 2.72 4.56
------—  AI2O3

312 65.2
100 100 100
142 108 103

200 200 170 170 200
80 05 150 112 145

T{ O G ) 240 240 240
A H 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 Â .2, 6,7 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 H20  and 
CH3OH, 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, A120 3, and T i02 lattices. 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 A120 3 and T i02 can be semi- 
quantitatively explained on the basis of a continu­
um model of the substrate.10 In this model the 
particulate nature of the substrate is lost and the 
vertical interaction energies are simply related to 
the density via

W v =  irprsU(q2/3 — g9/45) (1)
where W v 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 interest in 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, A120 3, and T i02 with 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 10.5 ** 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 Á. in particle diameter) as is the case for surface 
areas exceeding 200 m.2/g . 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 
A Hi from lateral interactions, a 50% increase in 
A Hi 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 I) 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 A Hi 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-i d  =  1/ ioíE 2 (2 )

where a is the polarizability in cc., and E  is the 
electrostatic field strength in e.s.u. units. IIT-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. 
Honig10 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 T i02 surface by 
measuring the variations of AHi with dipole moment 
of a number of polar adsorbates and used the 
relationship

W x_d — pE (3)

where p is the dipole moment, E  has the same sig­
nificance as before, and W i-u  is the ion-dipole 
interaction energy per adsorbed molecule. They 
obtained a value of 3.2 X 105 e.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 E2 is too high by a factor of at least 10 
for hexane-Ti02. 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 E 2, 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 H20  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 E 2, and thus a change from 9 kcal./mole 
to a more reasonable 0.45 kcal./mole.

An examination of the immersional heat data 
for T i02 samples in Table I indicates some disagree­
ment with respect to a uniform decrease of A Hi 
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

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 II, which gives their 
integral heats of adsorption as calculated from 
AH/s by

AHa =  AHi -  17.9 (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 reported6.7 x values and the BET 
molecular areas, co. 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 before6-7 can 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.

T able  II
M easured and C alculated Adsorption  P arameters

ir (ergs/ AH& (ergs/ AS& (ergs/
~S (m.Vg.) ùJ (Â.2) cm.2) cm.2) cm.2-°C.)
Í 188 76.2 19.0 47 0.094
\ 2.72 61.5 33.4 133 .335
/  65.2 64.7 29.9 89 .198
\ 109 60.7 44.2 67 .076
Í 10.5 53.9 46.4 119 .244
1 188 69.7 34.8 56 .071

Acknowledgment.—The authors wish to express 
their appreciation to the American Petroleum In­
stitute for continued interest and support via
A.P.I. Project 47D. Also, appreciation is ex­
pressed to Mr. Charles Allen and Mr. James 
Gardiner for assistance in the operation of the 
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DISCUSSION
E. V. B allou  (Gulf Research & Development Co.).—I think a key to the anomalously low values of the heat of wetting of alumina gel samples equilibrated with water lies in the pore size distribution of the sample. If this is knowm, it should be feasible to calculate the area of pores blocked at a given vapor pressure of water. The remaining area may or may not agree with the value from the experimental heat of immersion. Disagreement would offer some measure of the degree of pore blockage in small necks or constrictions.
W. H. W ade .—We plan to measure the nitrogen area for these gel samples equilibrated to various water vapor pres­sures and apply this correction to see if the disagreement with theory can be eliminated.
A. B aidins (du Pont Company).—Have you considered the concentration of impurities with decreasing surface area as a reason for increasing heat of immersion? Thus, for a 100 m.2/g. sample there may be only one NaOH mole­

cule per 10,000 A.2, which can be neglected, but for 1 m.2/g. sampje of the same material there will be one NaOH per 
100 A.2, which no longer can be neglected.J. Brown, W. J. Jaap, and P. D. Ritchie [•/. A p p l .  C h e m .  (London), 9, 153 (1959)] investigated the rate of dissolution of quartz and rutile in dilute HF. They found that quartz did have a disturbed, easily soluble amorphous surface layer, but that rutile did not have it. Thus, your explanation in the case of rutile contradicts previous experimental data.
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W. H. W ade .—We observe variations with particle size for samples where surface concentration of impurities is negligible; therefore, the variation for these high area sam­ples must be due to another cause. Of course, with low area samples, this does become a serious consideration.Our rutile studies do not necessarily contradict previous measurements since there is no fundamental reason why an amorphous layer should dissolve more rapidly than a crystal­line layer.

R . J. G ood (General Dynamics).—I wish to call your 
attention to Conway Pierce’s recent papers on the effect 
of intergranular condensation on heat of adsorption.

W . H. W ade .—There are several Russian studies of a 
similar nature but none are applicable to gels in any sort of 
quantitative way.
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Orientation studies have been performed on pure, one-component mesophase systems. Both the mesophase, i . e . ,  liquid crystal state, and the isotropic liquid range have been studied for the two compounds, p-azoxyanisole and anisaldazine. These two compounds exhibit a nematic type mesophase between defined temperature limits. New results on viscosity and orientation are reported. Previous magnetic and shear orientation results for the nematic phases of these compounds have been placed on an absolute scale, reinterpreted, and compared with new data. The rigid rod approximation for the nematic phase is discussed. Flow activation energies for various orientations are calculated. The size of nematic aggregates and the thickness of adsorbed layers are discussed. The general characteristics of the nematic phase are compared with those for the other major types of mesophase.
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.

Experimental
The compounds were obtained from Eastman Kodak Company and the Matheson Company, Inc. The com­pounds were purified by dissolving them in either hot abso­lute alcohol or toluene, followed by filtration and recrystal­lization. Elemental analyses indicate excellent purity for the recrystallized compounds. This also is indicated by a comparison of transition temperatures for these com­pounds with values reported in the literature. Table I gives the nematic temperature ranges for the compounds studied .* 1 2 3' 4 5

T able  I
T ransition  T emperatures for C ompounds Studied

Compound

Literature values, 
°C.M-4

Solid- Nematic- 
nematic isotropic

This work, °C. 
Solid- Nematic-

nematic isotropic
p-Azoxyanisole
Anisaldazine

118 135
169 182

118.5 135
169 182

Cross-arm capillary viscometers were used to obtain low shear viscosity measurements.6 Viscosity measurements, made in closely regulated oil baths, are accurate to ± 0 .2%. High shear viscosity measurements were made with a thin film, double-thermostated concentric cylinder rotational viscometer.6’7 The accuracy of high shear viscosity and shear rate measurements is about ± 2% . Within these limits, pure, linear hydrocarbons with molecular weights to above 500 show entirely Newtonian flow up to near 106 sec. - 1 .7 The concentric cylinder viscometer has the ad­vantage of being a “ working” viscometer and does not re­
* Part I of a series on Order and Flow of Liquid Crystals.
(1) G. H. Brown and W. G. Shaw, Chem. Ret., 57, 1049 (1957).
(2) V. Frederiks and V. Zolina, Trans. Faraday Soc., 29, 919 (1933).
(3) “ International Critical Tables,” Vol. 1, 1926, p. 314.
(4) D. Vorländer, “ Chemische Kristallographie der Flüssigkeiten,” 

Leipzig, 1924.
(5) J. F. Johnson, R. L. LeTourneau, and R. Matteson, Anal. 

Chem., 24, 1505 (1952).
(6) E. M. Barber, J. R. Muenger, and F. J. Villforth, Jr., ibid., 27, 

425 (1955).
(7) R. S. Porter and J. F. Johnson, Wear, 4, 32 (1961).

quire a meniscus observation, which can be difficult with mesophases.8

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 se c . '1. 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.14'15 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 in the direction of flow.14-15 
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.10-16 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.12 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.18 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.17-18

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 77 is absolute viscosity.18 By 
these considerations, a strikingly simple and ac­
curate relationship has been developed for nematic 
orientation viscosities.

V o V i  V i

Equation 1 describes within the precision of meas­
urement the relation between viscosity for the ran­
dom oriented nematic phase, 770, and the limiting 
low and high viscosities, 77, and 772, 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. Iowa 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).

Fig. 1.—p-Azoxy anisole : viscosity v s . 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.12-16 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 ti/1/T°k), where R  is the gas con­
stant and 77 is absolute viscosity. Flow activation 
energies calculated from least squares analyses are 
given in Table II. 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;
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TEMPERATURE,°C
Fig. 3.—Mesophase transition viscosities for anisaldazine.

T able II
F low  A ctivation  E nergies for p -A zoxyanisole

Fluid state Nematic liquid crystals, 119-132° Isotropic
Molecular Flow Gradient >135°
orientation oriented oriented Unoriented Unoriented

Flow activation
energy 2.7 13.0 3.5 5.7

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 10~4 cm., 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 ix in 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 106-106 molecules over the nematic range.19

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.20'21 
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.20 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.22 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.21-22 The increase 
in nematic viscosity has been attributed to Reyn­
olds type turbulence.21 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 Neuf eld's thesis data, says 
nematic anisaldazine at high pressure shoots

through the capillary viscometer like a rigid body.22 
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.22 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.

Acknowledgment.—The authors express appreci­
ation to Mr. A. R. Bruzzone for help in the experi­
mental work.
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The coacervating quaternary ammonium salt, Hyamine 1622, forms a complex with molecular iodine. The micellar molecular weights and the charge properties of the homogeneous phase of this cationic soap system, as a function of NaCl concentration and I 2 concentration, were determined from light scattering measurements. An over-all two-stage growth process is indicated in these systems. At low NaCl concentration, the micelle grows to a limiting isotropic structure. At higher NaCl concentrations, the micellar growth is an exponential function of the NaCl concentration. The Hyamine-I2 complex systems show the typical micellar ionization suppression with increasing NaCl concentration encountered in a number of coacervating cationic soap systems.3 The infusion of small quantities of I 2 in an aqueous Hyamine 1622 solution produces changes in all of the characteristic properties of the system. Experimentally, detectable changes in the critical electrolyte concentration (c.e.c.) necessary for two-solution phase formation may be observed for an I2/Hyamine 1622 molecular ratio as low as 10 ~3. A number of simple empirical equations have been developed which show the functional re­lationships that exist among several characteristic properties of these solutions. Specifically, the c.e.c. may be predicted for these systems from the rate of micellar growth in the initial growth process as a function of NaCl concentration, and in­dependently from the initial ionization properties of these aqueous polyelectrolyte systems.
Introduction

The separation of aqueous soaps into two solu­
tion phases (coacervation) occurs for a number of 
cationic1 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 102-fold 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) I. Cohen, C. F. Hiskey, and G. Oster, J. Colloid Set., 9, 243 
(1954).

(2) A. C. Bungenberg de Jong, “ H. R. Kruyt Colloid Sci.,”  Vol. II, 
Elsevier, Amsterdam, 1949, Chap. X.

(3) I. Cohen and T. Vassiliades, J. Phytt. Chem̂  65, 1781 (1961).

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)-NaCl-H20  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 l 2. The 
infusion of small quantities of I2 into 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 I2/H y  molecular ratio of 1.25 X 
10~3 the 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 H y-I2 complex 
Systems in which I2/H y  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 I2 in 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 I2 con­
centration. Hence, an examination of H y-I2 
complex systems provides a method for developing 
quantitative 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

dilutions with H20  and I2-free 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 H y-I2 complex systems with I2/H y  molec­
ular ratios (R) ranging from 5 X 10~3 to 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 
NaCl 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 NaCl. 
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, CHS CH„

CH3— —CHü—C— ^>—O—CHi—CH2—O—CH;—CHr-N—CH2—^  >̂C1 -  • HsO

c h 3 ¿ h 3 c h 3
Hyamine 1622—diisobutylphenoxyethoxyethyldimethylbenzylammonium chloride monohydrate

(1) 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 with 
diethyl ether, then dried in a vacuum desiccator for 24 hr.(2 ) I2 was C.p . grade which was freshly sublimed before use in these experiments.

(3) NaCl was C.p . grade.
Apparatus. Light 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, I2 absorption is minimal 
and does not interfere with fight scattering measurements. 
The measurements were carried out in a cylindrical cell, 
with solutions which had been filtered through milfipore 
filters of 0.45 y. pore size. Refractive index increments (dn/dc) were measured with a Zeiss dipping refractometer. 
For soap concentrations in excess of the critical micelle 
concentration (dn/dc) is independent of electrolyte concen­
tration, iodine concentration, micellar size, and micellar 
shape. The refractive index increment for H y-L-N aCl- 
H20  systems is 0.1913 cm.3/g-

Hyamine-I2 Complex.—Molecular I2 forms a complex 
with Hy. Figure 1 represents the optical absorption spectra 
for the titration of a CHCfi-L solution in which the I2 con­
centration is 2.53 X 10 ” 4 M, with a CHC13-H y solution. 
These curves show typical two-component spectra for the 
solvated I2 and the H y-I2 complex. A binding constant 
for the H y-I2 complex was calculated from these data.

The mode of preparation of the H y-I2 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 I2 
goes into solution. In a 6% Hy solution at room tempera­
ture, when the I2/Hy 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 H y-I2 
complex. The heavy opaque material was not investigated 
beyond the extraction of I2 with CHC13 from this material. 
I2 could not be extracted with CHCL from the aqueous 
H y-I2 complex phase. The complex is soluble in both the 
H20  and CHC13 layers.

A carefully prepared stock solution of 6% Hy was made 
up in which the I2/Hy molecular ratio was 5 X 10 ” ’ . 
Experimental solutions were prepared by appropriate 14

14) I, Cohen and TV 'V.assiliades, ./. Phys. Chem., 65, 1774 (1961).

order transition of higher order than one. Small 
infusions of I2 in these systems make the transition 
sharper and shift the transition to lower NaCl 
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  =  M Ke12'25(C~Cx) (1)
where M  is the micellar molecular weight at NaCl 
concentration, C; M x 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 I2/H y  molecular ratio (R) by

M  =  M xe12-25{C- Cx)el0R (2)
The differential equation describing the growth 
process at higher NaCl concentrations may be put 
in the form

dM/M =  12.25e10fl 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 106 to 5 X  106. This same variability 
in micellar molecular weights is observed in the 
H y-I2 complex 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.—Absorption spectra of CHCk-Hy-b solutions 
I2 concn., M Hy conen., M I2/Hy (f i )

( 1 )  2 .5 3 X 1 0 -*  0
(2) 2.53 X 10-* 2.59 X IO"* 0.94
(3) 2.53 X 10-* 5.37 X 10-* .47
(4 )  2 .5 3 X 1 0 -*  1.17 X IO“ 3 .21
(5) 2.53 X 10-* 2.49 X 10-3 .10

the non-iodinated Hy-NaCl system is 1.98 X  106; 
for the iodinated system in which the (I2/H y) 
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.

Flory6 has 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 TM V solution reduces the virus co­
volume by virtue of shrinking the diffuse double 
layer of the charged TM V solute particle. Two 
macroscopic effects are observed with the addition 
of NaCl to a TM V 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 TM V solutions. 
At higher NaCl concentrations, the two-phase 
TM V 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 H y-I2 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. 5oc. (London), A234, 73 (1956).
(6) G. Oster, J. Gen. Phyriol., 33, 445 (1950).

120

I 2 3 4 5 6 7 8 9 10 l'l ifc 13 A it
M XIO* NaCl.

Fig. 2.-—Micellar molecular weights (m.m.w.) of hyamine 
1 622-b-NaCl-H20  systems as a function of NaCl concentra­
tion at 30°: (a) F/H y =  fi =  5 X 10~2; (b )S  =  2 X  10-*; 
(c) fi = 1 X 10~2; (d) fi =  0.5 X 10 "2; (e) R = 0.

Fig. 3.—Micellar molecular weights (m.m.w.) of hyamine 
1622-I2-NaCl-H20 systems as a function of NaCl concentra­
tion at 30°: (a) I2/Hy =  R  — 5 X 10~2; (b) R  — 2 X 
lO“ 2; (e) R = 1 X lO“ 2; (d) fi =  0.5 X 10~2; (e) fi = 0.
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 I2 concentration. 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 I2 in the 
system.

A qualitative model for coacervation in H y-I2 
complex systems, consistent with the data developed



1832 I. Cohen, P. Economou, and A. Libackyj Vol. 66

T able  I
Summary of D ata  for Hy-Ij-NaCl-HjO Systems. 1% Hy at  30° E xperim ental  and C alculated V alues of Cmax,

Mmax, C.E.C., AND CRITICAL MlCELLE MOLECULAR WEIGHTS
NaCl
Cmax 
exp.

NaCl
Cmaxealed. a(6) jUmax Umax

NaCl
c.e.c.
exp.

C.e.c./
Cmax

NaCl 
c .e .c .  

ealed. (7)
NaCl

calcd.'C(ll) M.m.w. at
Ii/Hy = R M M exp. ealed. (8) M exp. M M c.e.c. Fig. 3

0 .0 0.0825 0.0825 38,000 38,000 0.383 4.64 0.383 0.356 1.98 X 106
0.5 X 10”2 .0804 .0785 40,000 36,000 .363 4.52 .362 .353 1.97 X 108
1.0 X 10~2 .0733 .0730 39,500 37,900 .339 4.62 .340 .338 1.95 X 106
2.0 X 10-2 .0644 .0650 41,500 43,500 .302 4.69 .302 .297 1.80 X 106
5.0 X IQ'2 .0446 .0455 45,000 43,200 .213 4.77 .211 .211 1.10 X 106

° Numbers refer to empirical formulas: (6 ) Cmax = (Cmax)s=o e  u B ; (7) j.e.c. = (c.e.c.)æ=o e  12K; (8 ) M m!LX —
'A ld m /d cW  X (Cma*)ii=o e ~ U R ; (1 1 ) c.e.c. = 0.72 In Qmax/ l 8 .
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 
NaCl 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, 
(AM/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 max, the micellar molecular weight at (AM / 
AC)max, 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 H y-I2 solutions at low 
NaCl 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 Cmax. 
For all of the systems observed, the c.e.c. is di­
rectly proportioned to Cmax.

Fig. 4.—Differential plot of A M / A C  v e r s u s  NaCl concen­tration for hyamine 1622-I2-NaCl-H20  systems a t 30°: (a) R  = 5 X 10“2; (b) R  = 2 X 10~2; (c) R  =  1 X 10“2; (d) R  =  5 X 10-3; (e) R  =  0.
The infusion of I2 in the aqueous Hyamine 1622 
solution has the effect of decreasing Cmax and in­
creasing (AM/A(7)max. Cmax is related to the I2/H y  
molecular ratio (R) by the following exponential 
expression

Cmax =  (Cma*)ie=0 C12fi (Fig. 5c) (6)
substituting for C'max in (3), the c.e.c. may be related 
to the I2/H y  molecular ratios (R) in these systems 
by

c.e.c. =  (c.e.c.) R=0 e~12B (7)
From (4) and (6), M max may be related to R by

c.e.c. =  4.65(7max (Table I) 
Additionally, for each of these solutions 

il7max = V2(AM/AC)max X Cmax (Table I) 
and combining (2) and (3)

9-8Mmax
C'° 'C' (AM/AC) max

(3)

(4)

(5)

Mmax =  72(AM/AC)max X (Cmax)A = 0 C12* (8)
M max falls in a very narrow range of micellar 
molecular weights for all of the systems investigated 
in spite of the fact that Cmax and (AM /AC)max vary 
considerably. This would indicate that M max 
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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R XIO1.
Fig. 5.—Functional relationships of the properties of the homogeneous phase of H y-I2-NaCl system: (a) ( ,p / m ) ma* as a function of CWs; (b) slope of curves in Fig. 3 as a func­tion of R ;  (c) C m as a function of R .

Fig. 6 .—Micellar charge density (p/m) as a function of NaCl concn. for hyamine 1622-I2-N aC l-H 20  systems at 30°: (a) R  =  I2/H y =  5 X 10~2; (b) R  = 2 X 10~2; (c) R  = 1 X 10~2; (d) R  =  0.5 X 10~2; (e) R  — 0 ;  (f) non-coacer- vating cetylpyridinium chloride-NaCl-H20  systems at 31°.
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

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-NaCl-H20 ,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 H y-NaAc-H20  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.10 The 
effects of relatively small infusions of I2 into H y- 
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) max/ 2 is shifted to lower NaCl 
concentrations. If a p/m curve is superimposed 
upon the corresponding differential curve (p/m) Inax/  
2 occurs at an NaCl concentration which is very 
nearly coincident with (7max previously described. 
Cmax may be related to (p/rn)max by

Cmax =  0.16 In Qmax/18 (Fig. 5a) (9)
where Q =  p/m, and from (6) Qmax is related to 
the (I2/H y) molecular ratio (R) by

max =  18 e6 .2 « W ) s - o - 1 2 B  ( 1 0 )

and from (3) and (9) the c.e.c. is related to Qmax by 
c.e.c. =  0.72 In Qmax/18 (11)

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.

Conclusions
A detailed investigation of micellar growth in 

the homogeneous phase of a series of H y-I2 complex- 
NaCl-H20  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. Debye11 and Ooshika12 have 
developed expressions for the energy per micelle

(7) J. «T. Hermans and W. Prins, Konikl. Ned. Akad. Wetenschap. 
Proc., B59, 162 (1956).

(8) K. J. Mysels and L. II. Princen, J. Colloid Set., 12, 594 (1957).
(9) E. W. Anacker, J. Phys. Chem., 62, 41 (1958).
(10) F. Oosowa, J. Polymer Sci., 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  =  N l/lWe +  N'hWa +  NW m

where N  is the micelle aggregation number and 
We, Ws, and W m 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 I2 in 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 104 for the non-iodinated systems to 6.2 X  104 
for the system in which the H y /I2 molecular ratio 
{R) is 5 X  10 -2.

There are three possible sites on the Hy molecule 
for attachment of the acidic I2 molecule, i.e., 
the phenyl group, the ether linkage, and the nitrogen 
atom. Iodine 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 I2 concentration 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., 51, 575 (1949); J. Phys. 
Chem., 53, 1 (1949).

(12) Y. Ooshika, J. Colloid Sci., 9, 254 (1954); Y. Ooshika and Y. 
Ikeda, Kolloid-Z., 145, 3 (1956).

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- 
H20  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  104 to 1.1 X 106. In a 2%  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 105 to 9.05 X  105. This difference in tempera­
ture sensitivity of a 0.05 M  NaCl solution as 
compared to a 0.145 M  NaCl solution points up 
the differences in the systems at NaCl concen­
trations corresponding to the two stages of micellar 
growth.
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DISCUSSION
F. M. F owkes (Shell Development Company).—What is the physical significance of the fraction of ions ionized (p / m  ratio) with respect to the actual degree of charge separation? Could the uncharged molecules really be ion pairs? How much separation could occur and be indicated by this method as “uncharged?”
I. C ohen .—The p / m  ratio is derived from the intermicellar coulombic interactions. No distinction is possible between bound ions and ion-pair formation. An indirect indication of considerable counter-ion binding is the charge neutraliza­tion of adjacent polar head charge sites on the micelle pe­riphery at low p / m  values. This is reflected in the large mi­cellar growth and the change in micellar shape from a spheroidal to a rod-shaped cylindrical structure.



T H E  A D S O R P T I O N - F L O C C U L A T I O N  R E A C T I O N S  O F  A  P O L Y M E R  W I T H  
A N  A Q U E O U S  C O L L O I D A L  D I S P E R S I O N

B y T homas W. H ealy  and  V icto r  K. L a M e r  
D e p a r t m e n t  o f  C h e m i s t r y ,  C o l u m b i a  U n i v e r s i t y ,  N e w  Y o r k ,  N .  Y .

Received March 5, 1962

Oct., 1962 Adsorption-F locculation R eactions of a Polymer 1835

The theoretical equations for the stability of suspensions in the presence of polymer flocculants have been extended to include two variables previously held constant, v i z . ,  the number of segments per polymer molecule, t ,  and the number of these which adsorb and cover surface sites, f i . The ‘ ‘extended segment’ ’ model of polymer adsorption, together with the ‘ ‘bridging’ ’ model of polymer flocculation, is described in terms of an adsorption parameter and in terms of /3 and (r  — /3), where ( r  —/3) is the number of extended segments per polymer molecule. The solid-polymer aqueous system studied was calcium phos­phate-polyacrylamide and variables examined were polymer concentration, polymer molecular weight, and the time of agi­tation.

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.3'4 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 polymers7'8 was 
summarized,9 little 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. Polymer 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, Trane. AIME, 217, 364 (1960).
(6) T. W. Healy, J. Colloid Sci., 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 /3 in deriving the filtration equations, 
where ft is the number of segments that adsorb per 
molecule of polymer.

Suppose (P0 — P) moles of polymer concentrate 
at the interface, where P0 is the initial or added 
concentration of polymer, and P is the residual 
polymer concentration in solution after adsorption. 
Then (P0 — P)N  molecules concentrate at the 
interface, where N  is Avogadro’s number. Since 
each polymer has r segments, then (P0 — P )N t 
segments concentrate at the interface. If a 
fraction 0/ t absorb and cover surface sites, then

|S(Po ~  P)Nr
T

number of surface sites covered

i.e.,

ß(Po -  P)N
s/S'o

=  8 =  fraction of surface covered

where s is the number of sites/unit area of surface, 
and <S0 is 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

(1)

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 f t  

For example, eq. 21, ref. 8 becomes

(Q - Q o ) v‘ =  Am +  BmP° (2)
where

A m
(1 +  bfc/ß) ‘ /s 

6V* (3)

bl/‘
Bm ~  °  (1 +  bk/ß)>u (4)



1836 Thomas W. He ai a  and Victor K. La M er Vol. 66

where C is a constant. Similarly by setting dQ/ 
dP0 =  0, at P q =  P m as in ref. 8

, _  
m “  p (5)

(1 +  b k / ß )2 

b
(6)

Experimental
An assembly similar to that previously described10 was used to obtain filtration rates. A technique of mixing the polymer solution with the suspension, agitation of the suspension, and filtration, was developed, such that identical suspensions did not differ in filtration rate by more than 3%. Agitation of the suspension was carried out with a magnetic stirrer assembly set at a fixed degree of intensity for all the results reported.Fresh calcium phosphate suspensions of 3% by weight of solids in distilled water were used to obtain each individual filtration rate. The calcium phosphate (tribasic) was Fisher A.R. grade reagent and the particles had an average radius of approximately 10  //.We are indebted to the Cyanamid Co. for furnishing samples of polyacrylamide having molecular weights, de­termined by viscosity measurements, of 0.5 X I06, 1.0 X 106, 3.0 X 106, and 5.3 X 106.

Results
The curves for filtration rate vs. concentration 

of polymer were of the same type previously ob­
served,7 a 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 P m, 
the concentration of polymer to attain that 
maximum filtration rate. Both Qm and P m 
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 (S0).

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.11 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 suggested6 that 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 P m and 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 P o' / 2/ ( Q  —  Q o)Vs is plotted as a function of

(10) V. K. La Mer and R. H. Smellie, Jr., ./. Colloid Sci., 11, 710
(1956) .

(11) V. K. La Mer, R. H. Smellie, Jr., and P. K. Lee, ibid., 12, 566
(1957) .

Fig. 1.—Variation of filtration rate ( Q  — Q o ) in cc./sec. as a function of polymer concentration (Po), expressed as mole X 10~10/g. solid for 3% Ca3(P0 4)2 suspension in the presence of polyacrylamide (mol. wt. = 1 X 10s).

Fig. 2.—Variation of the optimum filtration rate (cc./sec.) as a function of molecular weight ( X 10 ~6) at three times of agitation, 2 min,, 5 min., and 10 min.
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p„.
Fig. 3.—Linear plot of eq. 2 for a time of agitation of 5 min. for polyacrylamide samples of molecular weight 5.3, 3, 1, 0.5 million, respectively (P 0 =  mole X 10- 10/g. of solid).

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 
A m of eq. 4 are listed in Table I I .

T able  I

Variation  op P m w ith  M olecular W eight and T ime of 
A gitation

M
(X  10-«) 2

------1 (min.)------
5 10

0.5 100 66 160
1 .0 25 22 31
3.0 4.7 6 8
5.3 1 .0 1 . 1 3.

T able I I

Variation  of Am w ith  M olecular W eight  and T ime of 
A gitation

M
X (I0-») 2 ------1 (min.)----------

5 10
0 . 5 3 . 9 3 . 4 5 . 0
1.0 2 . 8 1 . 5 2 . 9
3 . 0 1 . 5 1.0 1 . 2
5 . 3 0 . 4 0 . 3 0 . 4

Preliminary adsorption measurements for this
present system12 have 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 /3 with 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.

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 P0 increases, 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,12 
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.13 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.14

The maximum in Qm with 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: No change in b or /3 but an 
increase in (Q — Qo) due to more efficient floe 
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).
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2. Contraction: Increase in b and ¡3, 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 P0, 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 P0, M, and t, or formally: 
maximum in (Q — Q0) for the system occurs at Po 
=  P m for M  - Mop and t =  f0p.

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 eq. 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 ¡3 in the numerator, and to ex­
plain the P m — M  dependence d/3/dM  must be 
positive. It is probable that the factors of redis­
tribution, contraction, and redispersion affect P m 
in much the same way as they affect (Q — Q0). 
Further analysis of P m in 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,15 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 — /S) are the controlling factors in determin-

(15) C. Peterson and T. K. Kwei, J. Phya. Chem., 65, 1330 (1961).

ing the adsorption-flocculation behavior for poly­
mer-solid systems when P0, 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.

DISCUSSION
F. M . F ow kes (Shell Development Company).—In considering relative rates of coagulation of particles and adsorption of the polymers promoting the coagulation, the rate of adsorption should be considered in two steps as pro­posed by Peterson and Kwei (ref. 15). For rapid coagula­tion the first step (attachment of part of polymer molecule to surface) must be fast, and the second step (unrolling of polymer onto surface as a thin film) must be slow.
V. K . L a M e r .—I think this view is correct. We had reached similar views independently of Peterson and Kwei. As explained in reply to Dr. Van Olphen’s question, special methods must be developed to isolate and measure the com­ponent consecutive rate processes. I  know of no way to do this at present, so all answers must be made on the basis of physical intuition and experience borrowed from other systems and processes.
H. V an Olphen (Shell Development Company).—Is it permissible to consider the rate of establishment of polymer adsorption equilibrium fast with respect to the rate of co­agulation?
V. K. L a M e r .—We believe that the rate of coagulation of particles produced by the “bridging” action of polymers is the slower process and consequently the rate determining step. We believe that the primary adsorption of a polymer is fairly rapid but that the slow attainment of adsorption equilibrium under agitation arises at least in part from the breakdown of floes offering new surfaces for adsorp­tion. The bridging process we believe is slow because a polymer adsorbed on one particle must find another particle having a free surface available to complete the bridge. All of these questions are pertinent and merit further investi­gation when methods and procedures have been developed to measure the rates of these individual steps.
A. B aidins (du Pont Company).—In your discussion of flocculation of inorganic colloids by polymers you have completely neglected any charge on the colloid, and any ionization of the functional groups of the polymer. Since neutralization of the colloid charge by the ionized polymer also could effect flocculation, what is your reason for neglect­ing these effects?
V. K. L a  M e r .—-Electric charge interactions, of course, enter into all colloid interactions and are mainly but not entirely responsible for pH effects with polymers. How­ever, we learned early (about 1951) in the flocculation studies that electric charge was a secondary factor compared to the chemical adsorption of polymers with subsequent bridging as the main factor in polymeric flocculation. The fact that negatively charged polymers when acting on negatively charged colloidal particles induced more rapid and com­plete flocculation than did many positively charged polymers on the same particles offers incontrovertible evidence that chemical attractions between polymer and particle, when acting at short distances, overbalance the smaller long range electrostatic effects. Electrostatic effects are not to be ig­nored but the subject of flocculation has suffered from over­emphasis on electrostatics to the neglect of chemical forces.
W. E. W alles (Dow Chemical Company).—-You have used the filtration rate as a parameter of flocculation. I wonder if you have considered other ways of characterizing flocculation and if so, why you selected filtration rate.
V. K. L a  M e r .—Yes, we have used rate of subsidence and to a lesser extent light scattering in the early work (1950- 1954) as a measure of flocculation. However, we found that rate of filtration, when properly controlled and exe­cuted, furnished a much more reproducible, precisely meas­urable parameter. Since previous workers had neglected filtration and this parameter is of the greatest importance in many chemical engineering applications we decided to place our emphasis on filtration, which culminated in a theory of filtration.
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The electrical conductances of solutions of octyl-, decyl-, and dodecyltrimethylammonium bromides a t pressures up to 3000 atm. have been measured and used to determine the critical micellar concentrations (c.m.c.). The expression A V °  — 
R T  (d / d P  In c .m .c . ) r ,d e r iv e d  on the assumption that micelle formation can be approximated to a phase change, shows that the volume change accompanying micelle formation (A F°) is initially positive but decreases with pressure and changes sign. Of the factors which could bring about the observed decrease in the c.m.c. above c a .  750 atm., an increase in dielectric constant of water would seem the most likely. This factor would influence the c.m.c. through the electrical forces involved in bringing the charged heads together.

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.

Experimental
(a) Materials.—The n-decyl- and n-dodecyltrimethyl- ammonium bromides were prepared from carefully purified alcohols kindly donated by Unilever Ltd. The alcohols were converted to the corresponding bromides by re­action with PBr3. After distillation the bromides were dissolved in acetone and shaken with an excess of trimethyl- amine for several days during which time the quaternary ammonium salts crystallized out. The products then were extracted with ether in a Soxhlet extraction apparatus for 16 hr. and finally recrystallized from acetone. The n-octyltrimethylammonium bromide was prepared from n -  octyl alcohol which had been carefully fractionated under reduced pressure.Phenol (May and Baker) was purified by fractional dis­tillation under reduced pressure and kept i n  v a c u o  over P2O. prior to use.
(1) G. S. Hartley, “ Aqueous Solutions of Paraffin Chain Salts,” 

Hermann et Cie, Paris, 1936.
(2) B. D. Flockhart and A. R. Ubbelohde, J. Colloid Sci., 8, 428

(1953).

(b) Apparatus.—The high pressure conductivity cell consists of a Pyrex hypodermic syringe of capacity 20 cc. with a sliding plunger which transmits the pressure from the surrounding oil to the solution within. Electrical connection between the solution and the wires from the pressure bomb is made v i a  mercury contained in two side arms. The electrodes are ligatly platinized to minimize the effects of polarization.The cell constant, determined by calibration against0.01 demal KC1 at 25° using the data of Jones and Brad­shaw , 3 was checked after each pressure run. I t  was as­sumed that the cell constant cid not vary with pressure. The pressure vessel is designed to withstand pressures up to 3000 atm. The body of the bomb is constructed of Vibrac 30 (Ni-Cr-Mo) steel hardened to 70 tons/sq. in. ultimate tensile strength. Insulation cf the electrical connecting leads from the remainder of die pressure vessel, by the method used here, requires that the plug unit and the conical connectors be made of a 25/20 stainless steel. This partic­ular material has the property of forming a pressure-tight bond between itself and Pyrex glass when heated to slightly below the softening temperature of the glass. The tapered glass sleeves in this way insulate a t pressures up to 3000 atm., although the weakness 01 the Ni-Cr steel precludes its use a t higher pressures.In order to prevent leakage of oil from the pressure vessel, the plug is sealed by al  unsupported area packing 
( c f .  Bridgman4). This rubber packing is backed up by the mold steel washers and a brass washer. Over the top of the packing materials fits a ring made of dead hard P.R.N.2 steel and, when the head nut is locked in position, the ring is forced down until the plug unit rests on the shelf inside the bomb. When connection retween the oil tube of the plug unit and that from the pumping system is made and a pressure within the bomb is developed, the pressure in the packing exceeds this value and the seal is made.The pressures were generated by means of the 3000 atm. pressure bench of W .C.t’ H art and Zn., Rotterdam. Briefly, this consists of a priming hand pump which serves to fill the apparatus with oil to a pressure of about 800 atm., and a pressure intensifier. The latter consists of a hand pump which applies a primary pressure P i  t o  a piston of area A 1 , thereby activating a smaller piston of area A 2 on the high pressure side. The ratio of the secondary pressure 
P 2 to P i  approximately equals A 1 / A 2 . This ratio in our apparatus was 10:1 so that a primary pressure of only 300 atm. could be used to generate a pressure of 3000 atm. in the pressure vessel.Pressures were measured or direct-reading Budenberg gages (0-6000 atm.). The resistances of the soap solutions were measured by means of the Wayne Kerr Universal Bridge B221. The instrument s capable of an accuracy of 0.1% in the range 9 ohms to 10C megohms and has a source frequency of 1590 c.p.s. Corrections for lead resistances and solvent conductance were made when these terms had a significant effect.Temperature control was effected by means of a large oil thermostat in which the pressure vessel was immersed. In  practice it was found that the heat generated by the stirrer exceeded heat losses to the surroundings. For this

(3) G. Jones and B. C. Bradshaw, J. Am. Chem. Soc., 55, 1780 
(1933).

(4) P. W. Bridgman, Proc. Am. Acad. Arts and Sci., 49, 625 (1914).
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T able  I
Concn. (molal) 1 atm.

Specific conductances X 102 (ohm 
500 atm. 1000 atm.

1 cm. *)
1500 atm. 3000 atm.

(a) Octyltrimethylammonium bromide (25°)
0.1052 0.780 0.796 0.805 0.808 0.784

.1234 0 .8 8 6 0.904 0.915 0.917 0.885

.1473 1 .0 1 1 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 1.512 1.508 1.447

.2754 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 .2752 .2815 .2858 .2869 .2790
.04105 .347 .356 .3605 .362 .3515
.06402 .513 .525 .532 .484
.08151 .577 .601 .606 .600 .526
.09884 .620 .644 .651 .642 .565
.1227 .677 .701 .710 .700 .616

C.m.c. (molal) 0.0646 0.0670 0.0670 0.0650 0.0556
Concn. X 10* (molal) 1 atm

Specific conductances X 103 (ohm 
500 atm. 1000 atm.

1 cm.-1)
1500 atm. 3000 atm.

(c ) Dodecyltrimethylammonium bromide (25°)
0.901 0.861 0.881 0.897 0.901 0.880
0.998 0.946 0.969 0.984 0.991 0.966
1.205 1.127 1.156 1.174 1.179 1.150
1.793 1.492 1.572 1.595 1.568 1.335
1.902 1.518 1.601 1.627 1.599 1.361
2.105 1.572 1.659 1.683 1.654 1.411
C.m.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

.3532 .329 .338 .344 .348 .340

.4030 .375 .386 .392 .395 .375

.5028 .443 .469 .477 .475 .419

.7007 .524 .556 .569 .564 .504

.9015 .599 .632 .647 .644
1.099 .671 .70S .724 .720 .659
1.297 .741 .778 .796 .794 .735
C.m.c. (molal) 0.462 X 10~2 0.500 X lO- 2 0.503 X 10- 2 0.488 X IQ“ 2 0.388 X IQ- 2

reason, cooling water from a thermostat was circulated through a copper coil in the oil-bath. By proper choice of the temperature of the cooling water and the heater current, adjustable by means of a double decade transformer, the temperature of the bath could be controlled to ± 0 .0 1 °.
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

the c.m.c. (0.224 M B) was too small to permit 
reliable estimation of the c.m.c.

The detailed results, which are given in Table I, 
show that the c.m.c. vs. pressure curve passes 
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. AJcad. Weten- 
schap., B59, 298 (1956).

(6) P. W. Bridgman, Proc» Am. Acad* 4̂.rfs and Sci., 48, 338 (1912- 
1913).
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Ms =  Ms0 +  RT  In aa 
and for the micellar soap

Mm =  Mm9 +  RT  In
If true equilibrium exists between the two species

Mm ~  /¿s
We have, therefore

Aju° =  yttm° — ,us0 =  RT  In msys — RT  In am
where ma and ys are 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  In via) (1)
\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 A I70 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.

(7) A. E. Alexander and P. Johnson, “ Colloid Science/’ Oxford, 
1949, p. 688.

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 A F° 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-workers8 have 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)B r- ^  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 K m, from which the standard free energy 
change AG° can be found, has been performed by 
Phillips,9 who found

AG° =  RT  ^2 — q/N — ^  In c.m.c.........  (2)

In equation 2, q, the effective charge on the micelle, 
may be calculated from light-scattering data.10 Al­
so since

(dG/dp)T,nt,ny.. =  V

AF° =  RT I f  2 -  q/N -  M  hi c.m.c. \
(V NJ ) T.m.m

(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 
(l/N  -*■ 0) and complete ionization occurs (q -*■ 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: (a) the hydrocarbon-water inter-

(8) E. Hutchinson, A. Inaba, and L. G. Bailey, Z. physik. Chem. 
(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 Hauser11 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. Scaife12 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).

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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DISCUSSION
K. J. M ysei.s (University of Southern California).;— It may be worth pointing out some surprising peculiarities of the interesting data given in this paper, especially for the two pure compounds showing a c.m.c. First, pressure generally increases the conductance by a small amount below the c.m.c. and by somewhat more above the c.ni.c., except that at the highest pressure the conductance is decreased substantially for concentrations above the c.m.c. Second, the conductance of a surfactant solution is generally ascrib- able as a first approximation to the conductivity of the un- micellized component plus that of the micellized one, and depending on the concentration can be represented as either

k  =  aC or k  =  a (c.m.c.) +  b (C-c.m.c.)
where a  and b  are the differential (or more exactly, partial) conductivities. Different factors, such as temperature, common ions, or changes in chain length, affect a ,  b , and the c.m.c. so that k is affected proportionately below the c.m.c. but in a complicated way above the c.m.c.According to the present results, the ratio of k at any pressure to that at one atmosphere is almost constant below the c.m.c. as expected, but is also quite constant, though at a different value, above the c.m.c. For example, for the C12 compound at 3000 atm. the values are 1.021 ±  0.001 and 0.896 ±  0.002. As a direct consequence the differential conductivity above the c.m.c., b , is affected very differently at different concentrations. The effect involves small dif­ferences, but seems to be beyond the experimental error.

A. E. A lexan der .—-The specific conductances of soap solutions both above and below the c.m.c. undergo an initial increase followed by a decrease a t higher pressures. The maximum in the conductance v s . pressure curve is common to solutions of all strong electrolytes in water. The initial rise is due to two effects: (a) the concentration of elec­trolyte is increased upon the application of pressure owing to the compressibility of the solution, and (b) the viscosity of water passes through a minimum at about 1000 atm. The fall in conductance at pressures above 1500 atm. is at­tributable to the rapidly increasing viscosity of water (P. W. Bridgman, P r o c .  A m e r .  A c a d .  A r t s  S c i . ,  61, 57 (1926). Owing to our lack of knowledge of the way in which pres­sure affects such factors as the charge and size of the micelles, no explanation of the pressure dependence of the conductance of micellar solutions can be offered at present.
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In re-decane at 25° calcium dinonylnaphthalene sulfonate (CaDNNS) forms a saturated mo ecular solution at concentra­tions less than 10 “ 6 mole/liter. Solute in excess of this concentration is in the form of micelles with an axial ratio of 2 aver­aging 12  molecules each. Interfacial tension measurements at the decane/Ca(N03)2 solution interface show the chemical potential of CaDNNS to be constant from 10-a to 10~3 mole/liter. This means that the mijelles are a separate, though soluble, phase of CaDNNS. This is in contrast to the previously accepted hypothesis that micelles equilibrate with dissolved molecules according to the mass law principle.
Introduction

Micellar equilibria have been studied primarily 
in aqueous solutions of ionized detergents such as 
the sodium alkyl sulfates, where the effect of con­
centration1 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-aqueous 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(N 03)2 have been used in this study.

If CaDNNS associates in «-decane to form ri­
mers according to the mass law principle

«CaDNNS (CaDNNS) „
_  [(CaDNNS)J f m

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. Oil 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).

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(N 03)2 is governed by the Gibbs 
absorption equation

dyow =  - 2 M T  
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 =  ~2.3 kT 
d log Cfa nA

for the change of yow with C well above the critical 
concentration for micelle formation i f  the mass 
law is valid.

Experimental Details
Materials.—Dinonylnaphthalene was prepared by alumi­num chloride-catalyzed alkylat on at 60° using fractionally distilled l-a-nonenes derived fro m trimerization of propylene. A heart cut of the dinonylnaphthalene fraction was then sulfonated with Sulfan B at — 8 ° and titrated to neutraliza­tion with sodium hydroxide. Isopropyl alcohol extraction was used to separate NaDNNS from the unsulfonated oil, and the calcium salt was prepared by contacting with concentrated CaCl2 solutions. The molecular weight was found by sulfate ash determinaions to be 930, as compared with the theoretical value of 958. Presumably a small amount of dealkylation occurrad during sulfonation. Ca­DNNS is quite hygroscopic; consequently it was freeze- dried from benzene solutions, pumped out a t room tempera­ture at less than 1 mm. pressure, and the resulting fluffy powder dissolved in dry solvent, Phillips 99 mole % re­decan e, which was dried with molecular sieves. Reagent grade Ca(N03)2 was used in dou fly distilled water.Diffusion coefficients were measured at 25° in the Spinco Electrophoresis-Diffusion apparatus, using schlieren optics. Concentration differences of 2 g ./l. were used and the co­efficients were calculated from the time dependence of the second moments; the latter were calculated with a Bendix computer programmed for seccnd moments by S. J . Reh- 

feld.Sedimentation coefficients were determined a t 25° with the Spinco Analytical ultracentrifuge using schlieren optics at the higher concentrations and ultraviolet absorption optics a t 10 ~ 4 mole/liter.Intrinsic viscosity [77] and partial specific volume v were measured at 25° by normal analytical methods.Interfacial tensions were measured a t 25° by the pendant drop method. At the higher concentrations equilibrium was attained rapidly but at concentrations of less than 10
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mole/liter more than an hour was required. To speed this process drops were purposely made large originally and then partly retracted into the syringe to compress the adsorbed film. In these drops interfacial tensions lower than equi­librium were obtained but these rose rapidly to the equilibrium values. Apparently there is a lower energy barrier to de­sorption than adsorption in these monolayers.
Pressure—area relations of an insoluble monolayer on 1 

M  CaCb were measured a t 25° with an automatic recording film balance11 by Dr. R. C. Nelson. This will be reported in more detail later. From this isotherm it is estimated that 
A  =  110A.2/molecule at 50 dynes/cm.

Experimental Results
Table I shows the sedimentation coefficients 

which extrapolate to s0 =  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 
±  0.002 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.12 From these values the ratio of the 
frictional coefficient to the frictional coefficient of 
non-solvated spheres f/f0 is found to be 1.038 for 
rods and 1.047 for disks.13 These values of s0 and 
f/fo give the gram-micellar weight M  as 11,000 ±  
300. This corresponds to an average of 11.8

T able  I
Sedimentation  and D iffusion Coefficients for Ca­

DNNS in  w-D ecane at  25°
Concn,, s, D,

g./l. sec. (X 1013 *) cm.Vsec. (X 103)
20 2.07
10 2.36, 2.26
9   1.17
7   1.15
5 2.35, 2.45 1.16
3   1.21
1   1.32
0.01 2.47

±  0.3 molecules/micelle. The diffusion coefficients 
shown in Table I extrapolate at infinite dilution to 
D0 =  1.43 X 10 ~6, which together with the value 
of s0 gives 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./l. 
of CaDNNS.

The equilibrium interfacial tensions of n-decane 
solutions of CaDNNS versus 1 M  Ca(N 03)2 at 
25° are shown in Table II at concentrations from

(11) 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, “ The Ultracentrifuge,” Ox­

ford Press, New York, N. Y,, 1940, p. 41,

Fig. 1.—A model of the CaDNNS micelle in agreement with sedimentation and viscosity measurements. Methyl groups in upper right diagram are shown as open circles.
10“ 3 to 10“ 6 mole/1. The values at all concentra­
tions are 0.93 ±  0.09 dyne/cm., with no significant 
concentration-dependence of interfacial tension.

T able  II
E quilibrium  I nterfacial T ensions of CaDNNS Solu­

tions in to-D ecane at  25°
Concn., 
moles/l.

Interfacial tension, 
dynes/cm.

Av. ±  std. dev., 
dynes/cm.

lO- 6 0.85,0.97,1.08,1.10 1 .0 0  ± 0 .1 1
10 ~6 .85, .92, .97,0.99 0.93 ±  .06
1 0 - 4 .83, .85, .95,1.00 .91 ±  .08
TO- 8 . S9, .89 .89

0.93 ±  0.09
Discussion

If the mass law were to govern the equilibrium 
between CaDNNS molecules and micelles the slope 
of interfacial tension versus log c would be as shown 
in equation 4

d7ow _  —2,3kT _  -9 6 0  X IQ -16 
d log c/m nA 12 X  110 X 1016

— 0.73 dyne/cm.
The value of / m is nearly constant at all concentra­
tions as shown by the values in Table I 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 10~6 mole/'l.).

Similar results have been obtained with NaDNNS 
and NH4DNNS 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.

DISCUSSION
C. R. Singleterry (Naval Research Laboratory).— Experience in our Laboratory confirms Dr. Fowkes’s ob­servation that the activity of the monomeric CaDNNS is nearly constant in the experimentally accessible range of sulfonate concentrations. Monolayers of BaDNNS iso­lated on stainless steel surfaces by retraction of an aromatic
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solvent have critical surface tensions which appear to be independent of solute concentration over a considerable range.Our experience in comparing the dye method with the ultracentrifuge method for micelle size is somewhat different than that just reported. We find substantial agreement be­tween the fluorescence depolarization technique, the ultra­centrifuge, osmotic pressure, and cryoscopic methods when we study BaDNNS in benzene. I t  is reasonable to expect that the micelle size for a given sulfonate may be distinctly different in aliphatic and in aromatic solvents.
F. M. Fow kes .—Prof. Kitahara has directed my atten­tion to his publication on micelle size of aerosol OT in cyclo­hexane, benzene, and other solvents \J. P h y s .  C h e r n . , 66 , 363 (1962)]. The much larger micellar weight in cyclo­hexane (25,000) as compared with benzene (10,500) is in­teresting in comparison with our 12,000 for CaDNNS in decane v s . the Naval Research Laboratory finding of 5,000 for CaDNNS in benzene.
J. L yklema  (University of Southern California).—In this work the micellar weight was considered to be constant, whereas in other cases of micelle formation in non-polar media n  increases with concentration. Is there any justi­fication for this? In connection with this, the diffusion and sedimentation constants decreased markedly with increasing concentration (Table I). What is the physical significance of these variations and of the extrapolations?

F. M. F ow kes.—The 10% decrease in sedimentation coefficient with a change of concentration of 10 g./l. is only slightly greater than the value expected for non-solvated spheres of concentration-independent mass. The concen­tration effect on diffusion coefficient is also small. The s  values measured at 0.01 g./l. were nearly identical with those found at 5 g./l. Thus it has been experimentally demon­strated that the size of these micelles is concentration-inde­pendent.
K. J. M ysels (University of Southern California).— There is mention that the presence of water changes the sedimentation behavior of this system. How can you com­pare interfacial measurements in which an effort has been made to equilibrate with an aqueous phase with centrifuga­tion results in the anhydrous system?
F. M. F ow kes.—The sedimentation measurements were made in rather dry systems but not dry enough to remove the last water molecule from each calcium ion. The effect of adding excess water (without salt) is to double the mi­cellar size, apparently by solubilization of water. The aggregation number may increase at the same time, but certainly not by very much (not to 20, for example). If 

n  were as large as 20 , the slope of interfacial tension v s .  log concentration should be —0.4 as compared with ex­perimental values of less than —0.04. The presence of 1 
M  salt should reduce the amount of water solubilized.
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J. L. Shereshefsky, H. T. Carter, E. N ichols, and P. L. R obinson

Monolayers of dicetyl esters of the first six members of the homologous series of dicarboxylic acids were studied, including dimyristyl oxalate, monocetyl oxalate, and monocetyl maionate. The study included measurements of surface pressure 
v s . area and surface potentials v s . area. I t  was found that the monolayers were dependent upon the concentration of the spreading solution, and also on the maximum spreading area. These substances form condensed and liquid-expanded films, and vapor-expanded films tend to form when spread from very dilute solutions. The oxalates tend to form a condensed film of high stability that folds upon itself. Orientations of the head-groups are given, and the calculated vertical components of 
the dipole moments are in good agreement with the measured values.

This work is a continuation of previous studies6'6 
on the properties of monolayers of esters of dibasic 
acids. Alexander and Schuhnan7 have studied the 
properties of monolayers of ethyl esters of fatty 
acids, and Adam and Jessop8 of diethyl esters of 
long-chain dibasic acids, while in the present study 
an attempt has been made to elucidate the behavior 
of long-chain esters of dibasic acids with short CH2-  
group bridges between the carboxylic groups. The 
orientation of the polar groups and the properties of 
the latter esters are different in many respects.

Experimental
Preparation of Materials.—The dimyristyl and dicetyl esters of the acids, except adipic, were prepared by digesting an excess of the myristyl or cetyl alcohol with a quantity of the acid a t a temperature near 10 0° but lower than the m.p. of the acid, after the addition of 2 or 3 drops of sulfuric acid. The disappearance of the solid phase, which was not very soluble in the molten alcohol, served to indicate when the esterification was near completion. In  the case of adipic acid dry hydrogen chloride gas was used instead of sulfuric acid in order to eliminate excessive charring of the reaction mix­ture.The mixture was cooled, dissolved in benzene, and the sul­furic acid was removed with powdered barium hydroxide. The solution was dried by allowing it to stand over anhy­drous sodium carbonate. After removing the solid material by filtration, the benzene was distilled off, and the product was crystallized from ethyl alcohol several times.The monocetyl oxalate and maionate were prepared from the silver salt of the acid and cetyl chloride, and the purified product was obtained by crystallization.The molecular weights of the products were determined by the Hast method, and the values obtained differed from the formula weights by 3.5-9.8%. The m .p.’s of the com­pounds are given in Table I.The solvents, benzene and chloroform, were distilled several times and tested for surface impurities.Film Balance.—The surface pressure-area relationships were determined by Wilhelmy and Langmuir balances. The former was equipped with an analytical chainomatic
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T able I
Compound M.p., °C.

Dimyristyl oxalate 51.2-52.0
Dicetyl oxalate 55.2-55.9
Dicetyl malonate 50.4-51.1
Dicetyl succinate 58.4-58.8
Dicetyl glutarate 54.2-54.6
Dicetyl adipate 54.5-55.2
Dicetyl pimelate 56.8-56.9
Monocetyl oxalate 49.4^-50.1
Monocetyl malonate 38.0-38.5

balance sensitive to 0 .1  mg., from which was suspended a microscope cover glass 0.2 mm. thick and 5 cm. wide. The tray made of opaque quartz had the dimensions of 13 X 41 X 3 cm. The balance was enclosed and the enclosure was equipped with a mechanism that allowed compression and expansion of the film from the outside. The enclosure was also provided with a carriage that allowed the movement in zy-direction of an arm, carrying an air-electrode parallel to the surface of the substrate.The surface pressure-area and potential-area measure­ments on the esters of glutaric, adipic, and pimelic acids were made with this balance. The pressure-area measurements of the other esters investigated in this study were made with a modified Langmuir type balance described elsewhere,6 except that it was provided with an opaque quartz tray of dimensions 15.9 X 29 X 1.8 cm., and the mica float was attached to the tray with Teflon strips. The sensitivity of the balance varied, 0.14, 0.074, and 0.044 dyne per cm., depending on the gage of the tension wire used.Electrometer.—The surface potentials were determined with a vacuum tube voltmeter or a  Lindemann electrometer. In either case, the air electrode consisted of a silver or gold disk about 0.35 sq. cm. in area, coated with polonium or Ra 226 and emitting about 2000 alpha particles per second; it was held within 3 mm. of the surface.The Lindemann electrometer with a precision Rubicon potentiometer was used in measuring the potentials of the monolayers of dicetyl and monocetyl malonate and di cetyl succinate. The General Radio Corp. Electrometer 1230A, with a maximum input resistance of 5 X 1014 ohms, was used in measuring the surface potentials of the monolayers of di­myristyl oxalate, monocetyl oxalate, dicetyl glutarate, di­cetyl adipate, and dicetyl pimelate. The potentials of di­cetyl oxalate were measured with both instruments.Spreading of Monolayers.—The spreading solutions were of various concentrations: 1, 0.5, 0.25, 0.2, and 0.1 mg. per ml. of benzene or chloroform, as appropriately indicated in each case. The deposition of the spreading solution was made mainly with lambda pipets and occasionally with an “ Agla” syringe. The substrates were either doubly dis­tilled water, or 0.01 N  aqueous hydrochloric acid, or both. From 10 to 15 min. was allowed for the evaporation of the solvent.
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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(c)

Fig. 1 .—Orientation of head-groups in surface: (a) di- myristyl oxalate, front view; (b) dimyristyl oxalate, side view; (c) dicetyl malonate; (d) monocetyl malonate; (e) dicetyl succinate, front view; (f) dicetyl succinate, side view; (g) dicetyl glutarate.

(9) Supplementary diagrams have been deposited as Document 
number 7154 with the ADI Auxiliary Publications Project, Photodupli­
cation Service, Library of Congress, Washington 25, D. C. A copy 
may be secured by eiting the document number and by remitting in 
advance $2.50 for photoprints or $1.75 for 35-mm. microfilm payable 
to: Chief, Photoduplication Service, Library of Congress.

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 is in 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’s10 book, using the formula

n
n — — (mi cos 35° — mi cos 21° +  m8 cos 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 m3 are 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 -Ray11 analysis of the structure of 
dimethyl oxalate and Raman spectra12 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 
with respect to each other, causing a greater and 
greater inclination to the vertical of the plane of the 

O

C = 0  group, and tending to a planar trans con­
figuration of least steric interference. The final

(10) C. P. Smyth, “ Dielectric Behavior and Structure,”  McGraw- 
Hill Book Co., New York, N. Y., 1955, p. 306.

(11) M. W. Dougill and G. A. Jeffrey, Acta Cryst., 6, 831 (1953).
(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 CH2-group 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 sq. 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 sq. 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

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 sq. A. per molecule, on the acid substrate. 
On distilled water the vertical moment falls from 
about 875 to 790o mD. 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. lc  is 900 mD. However, 
the steric interference due to the proximity of the 

O

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 — m2 cos 124° +  m3 cos 35° +

mi sin 35°) cos 6
where n, D, mi, m2, and m3have the same significance 
as defined earlier, and where rrii 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 =  — (m3 cos 70° — m2 +  mx cos 56° —

W4 cos 69° +  to* +  mi cos 55° +  m2 cos 69°)
The monolayers of dicetyl succinate are in the 

condensed state, with limiting areas of 50.5 sq. A. 
per molecule on the acid substrate and 48.8 sq. A.
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T able II
M onolayer P roperties

No. molec. Concn., Area, sq. A./molecule Pressure, dynes/cm. 
Col-Monolayer x io-» mg./cc. Max. Lim. Trans. State Max. lapse Trans.

Dimyristyl oxalate 1.08-4.38 1 .0 140 18 Condensed 34Dimyristyl oxalate 1.25 0 .2 140 38 Condensed 17Dimyristyl oxalate 1.25 .2 140 100 Liq. expd. 1 . 1Dimyristyl oxalate 1.25 .5 140 33 CondensedDicetyl oxalate 3.76-9.33 0 .5-1.0 55 21 Condensed 36Dicetyl oxalate 1.15 .2 90 34 Condensed 34Dicetyl oxalate 0.9 -1.12 .2 280 43 Condensed 14Monocetyl oxalate 1.70 1 .0 170 20 Condensed 17Monocetyl oxalate 6 .0 1 1 .0 51 13 Condensed 10
Monocetyl oxalate 0.77 0 .2 350 26 Condensed 10Dicetyl malonate 3.46-5.28 1 .0 ~70 46 Condensed 21Monocetyl malonate 4.86-7.48 1 .0 ~45 28 Condensed 24
Dicetyl succinate 2.63-4.16 1 .0 ~75 ~ 50 Condensed 8
Dicetyl glutarate 2 .0 0.25 138 ~43 Condensed 19
Dicetyl glutarate 2 .0 .25 138 — 100 85 Liq. expd.
Dicetyl glutarate 1.04 .10 269 135 Yap. expd. ~ 4
Dicetyl adipate 5.08 .5 92 31 Condensed 20
Dicetyl adipate 2.54 0.25-0.20 159 43-48 Condensed 10
Dicetyl adipate 2.72 .20 148 95 70 Liq. expd. ^ 3
Dicetyl pimelate 2.47 .25 156 ~50 Condensed 9
Dicetyl pimelate 2.47 .25 156 ~ 1 2 0 90 Liq. expd. ~ 3
on distilled water. Their collapse pressure is very 
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

in the transition region. A liquid-expanded film 
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. lg. The vertical com­
ponent of its dipole moment calculated from the 
formula

71
n =  — (mi cos 55° +  m2 cos 69° +  m3 cos 40° +

m4 cos 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, 
liquid-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 sq. 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

71
u =  — (w3 cos 15° — m2 sin 35° +  mi +  m4 sin 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 fallsosteeply 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. A. 
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 CH2-groups 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. lg, 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 sq. A. per molecule, and 
from this limiting area to about 19 sq. 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 II. 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

moment measured, 1.210 D., is in good agreement 
with the calculated value of 1.188 D.

DISCUSSION
H erman E. R ies, Jr . (American Oil Company).—What time intervals did you allow between pressure-area readings (points on curves)? Did you vary the rate of compression?
J. L. Shereshefsky.—I n general, from 3 to 5 min. were allowed to elapse from deposition to beginning of compres­sion. However, in the case of the glutarates, adipates, and pimelates longer periods were used, particularly in transition regions.
J. N. W ilson (Shell Development Company).—How reversible are the force-area diagrams? Is the same force- area curve obtained during compression as during subsequent expansion? This question is relevant since the phenomena you have observed are complicated and the esters you have studied all melt above room temperature.
J. L. Shereshefsky.—We have not studied the reversi­bility of the isotherms described. However, we have dupli­cated all isotherms, except those of the pimelate esters, under different experimental conditions.
V. K. La  M er  (Columbia University).—I t  appears that by using benzene as solvent you have confirmed the find­ings of Robbins and La Mer that in this solvent the pressure- area isotherm is dependent upon the concentration of solute in that solvent, yielding different values for the area per molecule. Why did you not use a constant low-boiling petroleum ether fraction as solvent which obviates these difficulties in our hands?
H erman E. R ies , Jr . (American Oil Company).—Prof. La Mer, is it not true that the higher pressure regions of the pressure-area isotherms are in good agreement whether the film be spread from re-hexane, benzene, or chloroform (as we have found)? [n-Hexane may be preferable to ligroin (petroleum ether).]
V. K. La M er .—It is my recollectionthat this is true.
J. L. Shereshefsky.—I do not think that in the present instances benzene is the sole cause of the concentration ef­fect. No such effect was observed for the monolayers of the esters of malonic and succinic acids. There is ample evi­dence that in the oxalate monolayers the major and perhaps only factor is the steric interference and the resulting t r a n s -  configuration.
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Ihe 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 crystalline 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. One particularly interesting conclusion is the existence of hydrates of the fatty alcohols.

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.1'2 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.

1. Crystalline Phases of Alcohols and the In­
fluence of Water.— Fatty alcohols with an even 
number of carbon atoms exist in three crystalline 
forms termed a, sub-a, and ¡3.3 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. II, 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. Chew.. Soc., 73, 5593 
(1951).

can be followed in various ways,4 thermal curves 
being particularly convenient.

The presence of water has a marked effect on 
these phase transformations6 and 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.11

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 (Ci8 unsaturated) 
have been quantitatively measured on water and 
50% ammonium sulfate solution, over a range of 
temperature.1 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, 
whereas with the unsaturated oleyl compound 
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.R.S.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), A106, 

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:
(a) 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 CH2 groups 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 I 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,12 
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 Ci8 saturated 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.4.6.13 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 l/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,” Ox­
ford, 1938.

(13) A. Roylance and T. G. Jones, J. Appl. Chem., 9, 621 (1959).

Fig. 1 .—Variation of equilibrium spreading pressure (e.s.p.) with temperature (T ) for a typical fatty alcohol.

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

d n e =  Q s

dT T(Ai -  AO
the molar heat of spreading (Qs) may be found from 
the temperature coefficient of the e.s.p. (dIIe/dT ), 
the absolute temperature, T, and the molar areas 
of the monolayer (A2) and crystal (AO-14 (Aj is 
< <  A2 and can be neglected.)

The molar free energy of spreading AGs = 
— n e(A2 — AO, and the molar enthalpy of spread­
ing AHS =  Qs +  AGS.16

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 AHS.2

With the solid alcohols (Ch, Ch, and CiO the 
general form of the e.s.p -T 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. Cary and 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,6'15 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 a value 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 +  H20  — > 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).

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.

DISCUSSION
F. C. G oodrich (California Research Corporation).—I wish to point out that the use of the Clapeyron equation in the form adopted by Dr. Alexander is not a matter which has been properly investigated thermodynamically. The question is whether it should be written in terms of dllc/d 2’ as Dr. Alexander has done in analogy with the three dimen­sional Clapeyron equation or whether the fundamental temperature coefficient is not — dT/d2’. In the latter case, the quantity dIIc/dT  in Dr. Alexander’s equation should be replaced by dlle/dT — dFo/dT where T0 is the surface tension of the pure substrate. In more experimental language, should not the temperature coefficient of the sur­face pressure be corrected for the changing surface tension of the substrate?
A. E. A lexan der .—I have not yet had the opportunity to examine this question in detail, but a cursory check of the derivation of the two-dimensional Clapeyron equation suggests that the form as used is correct. In the case of the fatty acids heats of fusion calculated from the monolayer data agree very closely with those found calorimetrically, which could be regarded as supporting evidence.
A. A. B ondi (Shell Development Company).—While the heat of vaporization of tetradecanol which you deduce from monolayer loss data comes quite close to the experi­mental value [24 kcal./mole, Hoyer and Peperle, Z .  E l e k -  

t r o c h e m . ,  62, 64 (1958)], I doubt the advisability of using that method indiscriminately. Don’t  you agree that an amine- (or amide-) water interaction might have given rather different results, and that the similarity of the ROH- H20  and the ROH-HOR interaction was the reason for the tolerable agreement with the observed heat of vaporization?
A, E. A lexan der .—-In my view the similarity in inter­action between the groups in this system should not have been responsible for the agreement found. However, we hope to have a look at other systems with known heats of vaporization, in order to check this point experimentally.
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The association between the > C = 0  and H—N < groups in an aqueous environment, i . e . ,  (> C = 0 )aq +  (H—N< )a? (> C = 0 . . ,H —-N O ,, has been examined by monolayer studies of oetadecyl acetamide. From the temperature coefficient of the above equilibrium, the energy of the hydrogen bond in the presence of water was found to be close to 2  kcal./mole. The effect on the equilibrium of added salts of different types, and of urea, has been measured quantitatively. These ad­ditives tend to inhibit hydrogen bond formation and when arranged in order of efficacy, both the cations and anions fall into the well known lyotropic series.
Introduction

In a recent review, Kauzmann1 has pointed out 
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“ 10 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
N-n-Octadeoyl acetamide was prepared from oetadecyl amine that had been fractionated on a spinning band column by treatment with acetic anhydride and subsequent re­crystallization from ether.A simple type of film balance with a hanging mica plate was used for the measurement of surface pressures (n)
* Bread Research Institute of Australia, North Ryde, N.S.W., 
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and a polonium-210  ionizing air electrode with valve elec­trometer was used for the measurement of surface potentials 
(A F ). Surface moments (n) were calculated from the Helm­holtz equation, A V  =  4 i r y / A ,  where A  denotes the surface area per molecule. The surface viscosity (ij>) was deter­mined by means of a surface torsion pendulum viscometer employing a perspex disk oscillating in the surface.Temperatures were maintained to ±0.1° by circulating water from a thermostat through glass coils. All salt solutions were shaken with activated charcoal and filtered immediately before use and, after 5-min. standing, produced no measurable surface pressure when the surface area was reduced by 90%.Solutions of oetadecyl acetamide for spreading contained about 0.7 mg./ml. in a 1:4 mixture of chloroform and petroleum ether (b.p. 60-70°). In order to obtain reproduc­ible results, all condensed monolayers were spread to give 
an area of 30 AA/molecule and, after a period of 5 min., were compressed with the aid of a small synchronous motor 
at a constant rate of 2.0  A.Vmolecule/min.

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 
H2SO4.—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 lb .) 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.2/molecule; 
below the transition point, the^ were rigid solids 
with a limiting area of 20.5 A.2/molecule. The 
transition was indicated by the rapid increase in 
the surface viscosity and a pronounced discontinuity 
in the 11/ A curve (see Fig. lb ). 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 I), 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 (n tr) is shown in Fig. 2 for sub-solutions

(13) N. K. Adam and J. W. Dyer, Proc. Roy. Soc., A106, 694 
(1924).
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(a) (b)Fig. 1.—Monolayers of C18H37NHCOCH3 on 0.001 N  H2S04: (a) U - A ,  AV - A ,  and „-A at 9.4° (full line), and 23.0° (dottedline); (b) n-A  and ^„-A at 20.3°.
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containing various concentrations of H2S04 and 
LiCl. From an application of the two-dimensional 
form of the Clapeyron relation

0 5 10 15 20 30
Temperature, °C.

Fig. 2.—Monolayers of Ci8H 37NHCOCH3 on salt solutions. Effect of salt concentration on the transition pressure (n tr) 
v s .  temperature curve: upper set—LiCl; lower set—H2SO4.

dntA  _  A H 
àT J a  ~ T X AA

the value of AH for the solid to liquid transition 
can be found. Furthermore AH  =  AE  +  IIAA,
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0 1 2 3 4 5 6
Normality.

Fig. 3.—Monolayers of CigHGNHCOCtb on salt solutions. Change of transition temperature (AT) with salt concentra­tion at a fixed surface pressure (n tr = 15 dynes/em.). (Note different abscissa scale for inset.)

Fig. 4.—Monolayers of C18H37NHCOCH3 on 0.1 N  KI solutions containing added iodine. Transition pressure (rrtr) 
vs. temperature.
so that by plotting AH against n tr and extrapolat­
ing to zero pressure, the value of AE  also can be 
found. (AA, A ll, 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 n tr, 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.4)

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.

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,14 
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. Schellman15 also 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,16 “ 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 II) 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, K I3, 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 suggested17 that in lithium 
halide solutions there may be lithium to carbonyl 
bonding as in (III) or bonding of carbonyl to water 
of the lithium hydration sphere as in (IV). Both 
interactions would tend to stabilize configuration 
II 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, Compt. rend. trav. lab. Carlsberg, Sb, chim. 
29, 223 (1955).

(15) J. A. Schellman, ibid., 30, 363 (1Ö58).
(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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T a b le  I
T ran sit io n  P r essu r es  (n tr) at V arious T e m p er at u res  ( T ) ,  on W a t er , U r ea , and  V a rio us S alt Solutions

(n tr in dynes/cm., T  in °C.)
Water

T 17.5 18.8 2 0. 1 2 1 . 0  ¿ 1 . 8 2 2 . 6ITtr 1 .5 5.3 9.8 12.8 17.4 21 .9
Urea

-1.0 M-------,
T Utr T ntf T Iltr T ntr T Iltr18.4 6 . 1 17.5 5.0 17.2 8 . 6 14.0 4.9 1 1 . 8 4.519.5 9.9 19.1 10.9 18.9 14.4 15.6 11.3 13.6 1 1 . 621.4 18.0 21.3 21.7 2 0. 0 20.9 17.4 19.4 15.1 21.5

,---- 0.001 N---- s
T ntr

17.4 1.5
18.4 4.0
19.5 7.4
20.9 12.7
2 2 . 1 18.6

T
U .I M -------------

ntr
16.9 1.4
18.4 6.7
2 0. 1 11.7
2 1 . 2 18.0

------ 0.5
T

N-----
ntr

16.4 2.4
17.9 7.0
18.7 9.9
19.8 14.6
2 1 . 0 20.5

.----- 1 .u
T

M -----
n,r

16.3 3.4
17.7 6.9
18.7 1 0 . 8
19.6 14.1
2 0. 6 19.1

.----- 1.0 N ------.
t ntr

14.0 2.2
16.1 6 . 1

17.0 10.9
18.7 15.5
19.8 20.0

.----- 2.0 M -----
T  ntr

14.2 2.9
15.3 6.1
17.2 12.0
18.1 15.9

Sulfuric acid
-----2.0 N -----

T n„.
11 .1 2 . 2
12 .7 5.7
14 .5 10.5
15 8 15.4

Lithium chloride
.----- 3.0 M ------.

T ntr
12.5 3.2
13.6 5.1
15.4 1 1 . 1
16.4 14.8
17.5 18.8

-8.0 N----- .
T ntr

6.7 1.3
8 . 0 3.9
9.6 8 . 1

1 0 . 6 10.9
11.7 15.0
13.1 2 1 . 1

.----- a.u m
T

r----- .ntr
10.5 3.7
12.4 6.9
13.4 11.7
15.5 18.9

----- 4.0 N ----- .
T  lit,

2.8 4.2
5.1 8.3
7.2 15.0
8 . 6  21.3

,----- 5.0 M ------.
T  ntr

7.9 2.9
9.3 5.8

10.6 9.7
12.1 14.2
13.8 21.0

-5.0 N ---—.
T ntr

1 . 0 1 2 . 2
2.5 14.9
3.7 17.8
5.2 23.7

.----- 6.0 M------.
T Utr

2.7 2 . 1

4.4 4.5
6.4 7.0
8 . 6 11.3

1 0 . 1 17.3
Sodium chloride

-3.0 M -------n ,-------5.0 M ---— ,
T ntr T ntr

16.8 3.5 15.7 2.7
18.3 7.9 17.2 7.0
19.5 1 2 . 2 18.8 1 2 . 2
2 1 . 2 19.5 2 0. 1 17.4

Potassium chloride
1.0 M  ■ -----3.6 M-

T ntr T Utr
16.8 1.9 16.5 3.2
19.6 9.9 18.0 7.5
2 1 . 1 16.0 19.9 13.3
2 2 . 2 2 2 . 1 2 0. 8 17.3

2 1 . 8 2 2 . 1

C = 0 -  • -Li+- • -0 = C
(III)

PI H

0

C = 0 -  • H— O- • -Li+- • ■ O—H • • -0 = C
I I

H H
(IV)

ovalbumin, and poly-sc-leucine,18 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, A n n. R ept. Sci. W orks, 5, 65 
(1957).

lyotropic series (CNS' >  I ') . It was thought that 
traces of triiodide (I3') ion (the iodine being 
formed by aerial oxidation) in the KI solutions 
could have been the cause, so the influence of added 
iodine was investigated.

Figure 4 shows the effect on the transition 
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 
I3', 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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DISCUSSION
M. L. H ug g ins  (Stanford Research Institute).—The computed energy of 2100 cal. is of course not the hydrogen bond energy for the N—H—0 = C  bond, but the difference between that energy and the sum of the energies of the hy­drogen bonds between the individual molecules and the solvent which are broken during the process.
A. E. A l e x a n d e r .—Yes. This point is made clear in the published form of the paper.
J. L. Sh er esh efsk y  (Howard University).—Areas per molecule of stearic acid obtained at very low surface pres­sures on urea substrates of various concentrations correspond to the area of the base of the urea-hydrocarbon clathrate structural cell, as determined by X-rays. This structure is broken up on compression. Will this phenomenon inter­fere with the postulated reaction in your study?
A. E. A l e x a n d e r .—We have never found any evidence

that urea behaves in an anomalous manner, even at the highest concentrations studied.
H. A. Sci-ier ag a  (Cornell University).—Klotz and Franzen obtained a value of A H  = 0 for the dimerization of N-methyl- acetamide. From a model, the dimer appears to contain a CH3-CH3 hydrophobic bond, as well as a linear hydrogen bond. Thus, the value A H  =  0 is a sum of a negative con­tribution from the hydrogen bond and a positive contribu­tion from the hydrophobic bond. Is there any possibility that the methyl groups of the octadecyl acetamide (on the side pointing into the water) can form a hydrophobic bond (with an accompanying positive contribution to A i f ) ?

A. E. A l e x a n d e r .—The case of octadecyl acetamide in the form of an oriented monolayer on water is rather dif­ferent from the system quoted above since in going from configuration I to configuration II (see paper) the methyl group does not greatly change its local environment. For this reason we have assumed that this process makes no contribution to the over-all A H .

O N  T H E  D A M P I N G  O F  W A T E R  W A V E S  B Y  M O N O M O L E C U L A R  F IL M S

By F. C. G oodrich

C a l i f o r n i a  R e s e a r c h  C o r p o r a t i o n ,  R i c h m o n d ,  C a l i f o r n i a
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Some features of a generalized theory of monolayer rheology are described, with particular reference to the problem of wave damping by surface active substances. Experiments on wave attenuation by fatty alcohols and acids are reported and dis­cussed in terms of the theory.
1. Introduction

It is the objective of this article to provide a 
descriptive treatment of a rigorous hydrodynamic 
and rheological theory1 which 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

(1) F. C. Goodrich, P roc. R oy. Soc. (London), A260, 481, 490, )503 
(19611.

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.

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,2 which plays 
a role for those fluid interfaces at which adsorbed 
films are present. The work of Boussinesq3 led 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,4 where it is known simply

(2) J. W. Gibbs, “Collected Works,” Vol. I, Longmans, Green, and 
Co., New York, N. Y., 1928, p. 302.

(3) J. Boussinesq, A n n . chim. et phys., 29, 349, 357, 364 (1913).
(4) D. W. Criddle, in Eirich, “Rheology,” Vol. 3, Academic Press, 

New York, N. Y., 1960.
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(a) 7", 7) ; VERTICAL SHEAR

id) HORIZONTAL SHEAR

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,1'6- 10 
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

(5) V. V. Shuleykin, Fizika Morya, Moscow (1953). Available as 
Translation No. 797, U. S. Naval Research Laboratory, Washington,
r>. c.

(C) K. Wieghart, Physik. Z., 44, 101 (1943).
(7) A. Frumkin and V. Levitch, Zh. Fiz. Khim., 21, 1183 (1947).
(8) R. Dorrenstein, Proc. Koninkl. Ned. Akad. Wetenschav., B54, 

2G0, 350 (1951).
(9) J. G. Oldroyd, Proc. Roy. Soc. (London), A232, 567 (1955).
(10) L. E. Scriven, Chem. Eng. Sci., 12, 98 (1960).
(11) I. N. Sneddon and D. S. Berry, "Handbucli der Physik,” Vol. 

6, Springer-Veilag, Berlin, 1958.

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 theory11 
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 77 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

7 i =  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 »71 is the first 
or dilational coefficient of Boussinesq,3 while 772, 
associated with a lateral shear of the film [motion
(c)], is Boussinesq’s second viscosity coefficient. 
It is 7)2 which is almost universally reported in the 
experimental literature as “ the surface viscosity.” 
Comparatively little is known experimentally about 
the elastic constant y2 for 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-
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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 Lamb12 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 In ilj 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

\J/ ~  e~xA cos (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 ¡i 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  =  8 7 r / i / / 3 y

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,” Dover Press, New York, N. Y.,
1945, p. 632.

Fig. 2.-—Attenuation of the amplitude ^ of a ripple as a function of distance X  from the source.
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 
quantities 11 and 7, plus the unknown hypothetical 
monolayer viscosity coefficient 17 for vertical shear. 
It is with such monolayers that the experimental 
portion of this paper will be concerned.

4. Experimental
The apparatus used in these experiments has been de­scribed elsewhere. 1 Briefly, it consisted of a long, narrow, rectangular tank which contained distilled water to a depth of about 4 in. A lucite cover fitting over the tank protected the water surface from wind and dust, and through a small hole in this cover projected the vertical support for the wave source. The surface was observed through a cathetometer which was mounted above the tank parallel to its long axis. The cathetometer scale was used directly to measure wave lengths X, while depth of focus readings from the cathetom­eter telescope could be interpreted in terms of wave ampli­tude. The measured amplitudes were of the order of magni­tude of one micron, and from this figure can be estimated the percentage increase in interfacial area upon passage of a rip­ple as being about 10~ 6 per cent. The water surface was thoroughly cleaned before use by scattering talc powder over it and then sucking off the surface layer through a small capil­lary until all talc had been removed. During a run, it was illuminated by stroboscopic light of the same frequency as the wave source so that individual crests appeared to stand still. Before each run, the tank was freshly recoated with paraffin.Initial attempts to spread monolayers from a spreading solvent proved unsuccessful when repeated trials yielded monolayers whose attenuation varied by as much as 1 0 0 %. Curiously, the surface tension of such monolayers was quite reproducible; but even flushing the atmosphere in the tank with air for as long as a half hour failed to remove or even diminish the irreproducibility in the attenuation. When pure solvent was spread on clean water, however, the evaporation appeared to be complete, for the initial surface tension and wave attenuation could be recovered unaltered. This phenomenon appears to have some bearing on the suggestion of Robbins and La Mer13 that spreading solvents are irreversibly incorporated into monolayers. The final procedure adopted was to scatter small crystals of the film­forming substance over the surface of the water. This method yielded a closely packed, reproducible monolayer, although for octadecanol and stearic acid, the surface ten­sion did not fall to its equilibrium value until after the pas­sage of several days. The surface tension of the interface was calculated from the Kelvin formula

in which p is the density of the water and g =  981 dynes g .-1. Over the range of frequencies studied, this formula was found to be reliable to within ± 1  dyne cm.-1. All stocks of surface active chemicals were fractionally distilled from commercial samples and recrystallized to constant melting point.
(13) M. T.. Robbins and V. K. La Mer, ,7. Colloid Sci., 16, 123 

(1960).
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Frequency,/, sec.-1.
Fig. 3.—Wave damping at an interface saturated with tetradecanol; T  =  22-23°.

Frequency,/, sec.-1.
Fig. 5.—Wave damping at an interface saturated with octa* decanol; T = 22-23°.

Fig. 4.—Wave damping at an interface saturated with hexa- decanol; T =  22-23°.
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
pothesis12 which is to say that they are the attenua­
tions expected for a laterally rigid monolayer 
whose viscosity coefficient 57 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 
7i away 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.

Frequency,/, sec.-1.
Fig. 6 .—Wave damping at an interface saturated with stearic acid; T  =  22-23°; substrate =  0.01 N  HC1.

6. Discussion
The result obtained is thus the reverse of that 

reported by Vines,14 whose 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 
question of whether or not there exists a viscosity 
coefficient rj for vertical shear within the film is 
unanswered by these experiments. Instead, a new 
question 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 , P h ys., 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 . M ason  (Pulp and Paper Institute of Canada).— • 

W ith 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 m ay be possible. I  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 7 1 . 
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 7 1 . I t  was not imposed 
a priori on the calculation.

A. S. M ic h a els  (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. G oodrich.— 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 V 2 to 1/z would be required— far greater

than are conceivable on the basis of such infinitesimal area changes.
Herman E. R ies, Jr. (American Oil Company).—Did you determine any complete pressure-area isotherms while the film was subjected (continuously) to vibration? If so, did they agree with those determined without vibration?
F. C. Goodrich.—Pressure-area isotherms have been determined by this method, and to within experimental error agree with those obtained on the conventional Lang­muir balance. Because, however, the surface tension can be measured only to ± 1  dyne cm.-1, the technique is not com­petitive.
A. Baidins (du Pont Company).—It may be possible that the deviation from theory is due to the fact that fatty molecules are not rods, but flexible chains, and the damping of wave motion is due to flexing of chains by inertial force. Furthermore, by flexing they could interlock, thus slowing or preventing any shear and breathing motion.
F. C. Goodrich.'—This possibility I have not investi­gated. It amounts to including in the mathematics the motions (d) and (e) illustrated in Fig. 1.
J. Lyklema (University of Southern California).—If the surface potential of the monolayer is sufficiently high the viscosity of the underlying water would increase in the elec­tric field of the double layer. This would certainly affect the damping.
F. C. Goodrich.—I am aware of the experiments of Andrade and Dodd [P r o c . R o y .  S o c .  (London), A204, 449 (1951)] in which they report increased viscosity of polar liquids in the presence of an external electric field. What­ever may be the implications of this finding with respect to wave damping by monolayers, the effect is in the wrong direction to account for the experimental results reported here.
R. J. Good (General Dynamics).—In view of the Frank- Wen and Frank-Evans theories, as developed by Nemethy and Scheraga earlier in this Symposium, I would think that the viscosity of water in the layer immediately beneath the monolayer may well be low. Perhaps for a thickness of a few molecules the viscosity might be that of clusters no larger than two or three molecules—i.e., something of the order of magnitude to be expected for liquid methane or propane at room temperature and the appropriate density. If a “slipping” film were very thin compared to the magni­tude of the surface asperities of a solid, then it would be very difficult to detect this slip by hydrodynamic drag studies.I wish to ask if you have made a calculation, of the type described in your paper, using as adjustable parameters the viscosity of the water in the low-viscosity layer, and/or the thickness of the layer?Another question not related to the above is the following: What is the explicit form of the relation between A, / ,  p ,  

7 , and the 17 for vertical shear?
F. C. Goodrich.—Calculations of the type you suggest are in progress.The explicit relationship between A and / ,  7 , p, tj for a laterally rigid monolayer is obtained by calculating a com­plex root of a certain complicated transcendental equation. The final result could be expressed as an infinite series; but because the results reported here were obtained by iterative calculations on an electronic computer, I have not written down such series explicitly. Partial details will be found in ref. 1 .
A. A. Bondi (Shell Development Company).—Don’t you consider it possible that the deviation from predicted behavior may be due to the discontinuous character of the film, i.e., the island character of even “densely packed” monolayers observed in Dr. Ries’s electron micrographs?
F. C. Goodrich.-—All the calculations reported here are based upon the experimentally determined elasticity coeffi­cients 7 , 71. Without a hypothesis on how the presence of islands in the film might for some mysterious reason alter these coefficients in a dynamic experiment, I do not see how knowledge of details of the film structure might resolve the difficulty.
K. J. M tsels (University of Southern California).—I wish to bring up a minor point of history and nomenclature.
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Gibbs writes not about surface elasticity but about film elasticity on the page quoted (ref. 2). Furthermore, the films with which Gibbs was concerned were not the Langmuir monolayer films to which Dr. Goodrich refers in connec­tion with his first equation. They were soap films composed of two surfaces plus a thin layer having bulk properties in between. Thus Gibbs’s film elasticity is not a simple sur­face property but one dependent upon the amount of bulk phase present.
Since Gibbs’s film elasticity is a well defined operational

quantity which can be directly measured [ J .  P h y s .  C h e m . ,  
65, 1107 (1961)] and thermodynamically calculated for special cases (Gibbs, ref. 2, p. 303), it does not seem ad­visable to apply the same name or a very similar one to a different concept which Gibbs did not formulate explicitly. As an alternative, I  would like to suggest “areal elasticity” since it seems to be the exact two-dimensional analog of what is called volume elasticity for three-dimensional sys­tems. _ “Areal viscosity” then would be the corresponding viscosity coefficient just as there is a volume viscosity.

I D E A L  T W O -D IM E N S IO N A L  S O L U T IO N S . I I I .  P E N E T R A T I O N  O F 
H Y D R O C A R B O N S  I N  M O N O L A Y E R S

By  Frederick M . Fow kes*

Shell Development Com pany, Em eryville, Calif.
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Insoluble monolayers of stearic acid on aqueous substrates are subject to penetration by hydrocarbons or other solvents from the vapor phase. Similarly interfacial monolayers of stearic acid a t the oil-water interface are subject to penetration by oil molecules. In both cases, it is shown that the stearic acid and penetrating solvent form ideal two-dimensional solu­tions. Monolayers of long chain quaternary ammonium salts a t the oil-water interface are penetrated by both oil and water simultaneously; this gives rise to the 3k T  in the gas equation approximation of the equation of state.
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 x.2 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 tv 
and partial molecular area of substrate molecules 
V2 determine x2

TTI72 =  — kT  In X2<t>2 (1)

where <f>2 is 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 (<fo approaches 
infinity), but when monolayers do include sub­
strate molecules, <¡>2 is generally very close to unity. 
Many investigators have found this to be the case 
for small molecules,1 and 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 tv is the increase in film pressure as a func­
tion of £2.3-6

* Sprague Electric Co., North Adams, Mass.
(1) E.g., A. Schuchowitzky, A cta  Physicochim . URSS, 19, 176, 508 

(1944).
(2) F. M. Fowkes, J. P h ys. Chem., 66, 385 (1962).
(3) W. M. Sawyer and F. M. Fowkes, ibid., 62, 159 (1958).
(4) F. M. Fowkes, ibid., 66, 355 (1961).
(5) F. M. Fowkes, “Proceedings of the Third International Congress 

of Surface Activity,” Cologne, Vol. II, 1960, p. 161.

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 <f> of eq. 1 is 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, J. P h ys. 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.2'4 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)

dG2(surface) =  d^Asurface) — N a A y
dG2(substrate) =  d*u2(substrate)
dG2(vapor) = d/i2(vapor)
dG2(surface) =  dG2(substrate) =  dG2(vapor)
dju2(surface) =  RT d In x2fa
dju2(substrate) = RT d In Cif2
d/u2(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 d In x2fa — c72dy — kT d In c2/ 2 =  0 (2)
and between vapor and surface phases

kT d In x2fa — <r2dY — kT d In p2* =  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

kT d In x2fa — kT d In (p2/p2°) =  — rxAir (4)
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 In Xifa — kT In (p2/p2°) =  — cr2 (7r — 7r2°) (5)
where 7r2° 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 x2 for 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-1 hirds power of the molecular volume 
has been found adequate for predicting <72 of small 
symmetrical molecules such as water and propylene 
carbonate.2 For less symmetrical molecules <r2 
may have to be evaluated from x vs. p2 data at con­
stant x2. Under these conditions we see that eq. 4 
leads to

(72 =  kT
d In p2 

dx (6)

In computing x2 it 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

= (7)

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

n2 x2 
UiZ 1 — x2

'2/kT

e_7r<r2/k T (8)

Thus for each value of tt a corresponding value of 
n2/nyz is calculated and an Ax vs. n2/nxz 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, x2 values 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. A m . Chem. Soc., 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) K . E. Hayes and R. B. Dean, J. Phys. Chem., 57, 80 (1953).
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Fig. 1 .—Surface solution plot of stearic acid penetrated by CC14 (triangles) or dimethylbutane (circles) at 25°. Lines calculated for ideal solutions, points are from data of Dean and Li.

Fig. 3.—Pressure-area isotherm for stearic acid adsorbed at the interface between water and a naphthenic white oil. Line is calculated for ideal two-dimensional solution of stearic acid in oil, and points are experimental. Triangle is from studies of Zisman. 14

1ACID 
ONLY
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Fig. 2.—Pressure-area isotherms for stearic acid pene­trated by CCL or dimethylbutane vapor at 25°. Lines are calculated for ideal surface solutions, points are from Dean and Li.

Fig. 4.—Ideal two-dimensional solution plot of stearic acid adsorbed at oil-water interface at 25°. Effect of various values of a i .

Water 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

-k 'T  In x2<p2 ...
7T =  ------- ;--------  (9)

02
using appropriate values of ài and or (25 À .2 for 
each), and fa =  1, as is 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 Langmuir12 for adsorption of fatty 
acids from solutions in which they are predomi­
nantly dimeric13

— kT /d  In cA 
1 =  ~ T "  V” d T ) fi

One point from the work of Zisman14 also is shown. 
The value of ar2 (25 À .2) has not been obtained in­
dependently, but is an estimated value. Figure 4

(12) X. Langmuir, J . Franklin In st., 218, 143 (1934).
(13) D. S. Sarkadi and J. H. deBoer, Ree. trav. chim ., 76, 628 (1957).
(14) W. A. Zisman, J . Chem. P hys., 9, 534 (1941).

illustrates the effect of using various values of <r2. 
All values (20, 25, or 30 A.2) 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 <f>2 suddenly becomes very large and the

(15) W. M. Sawyer and F. M. Fowkes, J . P h ys. Chem., 60, 1235 
(1956).
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film changes from a solvated to non-solvated film. 
This has been shown before4 and 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.16 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. R oy. Soc. (London), A208, 224 (1951).

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)
7T =  — ----------------------  — ---------------------  (10)

<r 3 V2
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 — (<ri — ai) or Ai — (<n — ai) can be approxi­
mated by Ai — A 0, eq. 10 becomes

-  A 0) =  (* +  1 )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 1-2 kT.
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A horizontal float type mercury film balance was constructed for this work. The anticipated difficulties of effective sliding barriers and atmospheric contamination were overcome, after the methods of Fakir, by “framing” the mercury surface with thin Mylar film and using supported thin Mylar film strips for sliding barriers and by housing the film balance in a box that was flushed with dry nitrogen. Surface pressure-area curves on mercury were obtained for stearic acid, stearyl alcohol, lauric acid, sebacic acid, n-octacosane, benzoic acid, and 1-naphthoic acid. Interpretations of the different types of curves given by these materials indicate that: paraffin chains tend to lie flat on the surface of mercury, but they can be forced into a vertical orientation if a terminal polar group is present; aromatic rings tend ;o stand on edge on the surface of mercury; and polar groups provide points of strong attachment of molecules to a mercury surface. Equilibrium spread­ing pressure was measured for each of the materials studied. These measurements provided information on the stability of the films which was an important consideration in interpreting the surface pressure-area curves.
Introduction

Film balance studies of monolayer films of 
organic materials on water have produced informa­
tion on film structure which has been basic to an 
understanding of many other surface phenomena. 
Such studies are, of course, limited to materials 
which spread on water and also are insoluble in 
water. Many materials of interest in the field of 
boundary lubrication cannot be studied as insolu­
ble monolayers on water because they are either 
non-spreading on water, e.g., non-polar base oils, 
or soluble in water, e.g., polar aromatics such as 
benzoic acid. Mercury should be a near ideal sub­
strate for film balance studies since most organic 
materials can be expected to spread on mercury1 
and also be insoluble in mercury. Further, for 
studies of films of interest in the field of boundary 
lubrication a metal substrate is desirable.

The objects of the work reported here were to 
develop a film balance suitable for studies of or­
ganic monolayers on mercury and to obtain surface 
pressure-area data for a variety of molecular types 
in order to obtain preliminary information on the 
relationships between molecular structure and 
monolayer structure on mercury.

The only previous mercury film balance work 
found in the literature was reported by Fahir.2 
His reported work was limited to the high pressure 
region of the oleic acid curve from which he con­
cluded that there was little difference between the 
oleic acid monolayers on water and on mercury.

Experimental
Apparatus.—The film balance trough (32 in. X 7 in.) was machined from 1 in. thick Teflon securely bolted to a 0.44 in. thick aluminum base plate. Following the technique used by Fahir,2 the formation of a meniscus at the junction of a sliding barrier and the trough edge, which would permit a spread film to leak past, was prevented by the use of thin plastic film. A “frame” of 0.001 in. Mylar film was at­tached to the top of the trough edge and strips of the same film attached to the bottom of conventional barriers were used for sliding barriers. This barrier system is effective because the plastic film adheres strongly to the mercury surface and conforms to it. In order not to restrict this adherence at the junction of the trough edge film and sliding barrier film, the films are mounted so as to extend beyond their supports by about 3/ie in.The horizontal float or Langmuir method of measuring
(1) W. D. Harkins, “The Physical Chemistry of Surface Films,” 

Reinhold Publ. Corp., New York, N. Y., 1952, p. 102.
(2) E. Fahir, J . chim. phys., 27, 587 (1930).

surface pressure was used because it was believed that difficulties would be encountered in the wetting of the plate used in the Wilhelmy method. A leak-proof floating barrier system was made by cutting one large sheet of Mylar film to form the trough edge frame, the floating barrier, and loop­shaped connections between the ends of the floating barrier and the trough edge frame. The loop-shaped connections were not as flexible as the platinum foil connections used on a water film balance, but they were sufficiently flexible near the zero point for accurate surface pressure measurement using a null method. When floating on the mercury surface, to which it adhered strongly, the floating barrier was rigid and did not require support.
The absence of film leakage past these barriers was shown using a film of CI4-labeled stearic acid. The film of radio­active acid was spread and compressed to a pressure of 50 dynes/cm. The mercury surface area outside the barriers was monitored for radioactivity for about 15 min. using a G-M tube connected to a rate meter. The area of monitored surface was reduced a t intervals to concentrate any escaped film under the window of the G-M tube. No leakage could be detected by this procedure.
The floating barrier was restrained by a typical torsion head assembly. Three “arms ’ in the form of a “T ” were mounted on a torsion strip (5.25 in. long, 0.15 in. wide, 0.005 in. thick phosphor bronze). The vertical arm made a sliding connection with the Sotting barrier. One horizontal arm was used for calibration; the other was used to apply weight to null the force of surface pressure. A continuous and appropriate range of weights was obtained by means of a chain of the proper weight per unit of length mounted in the same fashion as in a cha.nomatic balance. The zero position of the floating barrier was determined by an optical method. A plane mirror mourned on top of the “T ” shaped torsion assembly reflected the image of a crosshair to a scale with an optical lever arm of about 30 in.
The film balance was enclosed in a housing fitted with controls extending through the housing to manipulate the barriers and the “chainoma'ic” and with bellows-type neoprene gloves to spread the films. The purpose of the housing was to provide an atmosphere of nitrogen for the mercury film balance. The nLrogen (oil pumped) used for flushing the housing was passed through a column of Drier- ite, over copper turnings at i 50°, and through a cooling condenser before it passed into the housing.The mercury was purified by acid washing followed by vacuum distillation. Acid washing was accomplished by passing the mercury dropwise down a two-foot column of 30% nitric acid. Depressions in the column wall caused the mercury drops to follow a zig-zag path down the column and be broken into very tiny droplets. The acid-washed mercury was distilled using s  Cenco Improved Vacuum Form still. The delivery tube terminated in a reservoir inside the film balance housing. During distilling opera­tions the reservoir was under vacuum. When the still was shut down the vacuum was relieved by admitting purified nitrogen to the system: thus the mercury in the reservoir was stored under nitrogen. Freshly distilled mercury was used for each day’s work. Acid washing of the entire supply of mercury was repeated when necessary. Teflon stopcocks or clamps on short lengths of Tygon tubing were
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used where necessary on the distilling apparatus and reser­voir to avoid possible contamination of the mercury by the grease used with glass stopcocks.The mercury in the trough was connected to ground by means of a piece of platinum wire dipping in the mercury.Under these conditions of nitrogen atmosphere and mercury preparation, one sweeping of the mercury surface with a sliding barrier produced a satisfactory mercury surface. No surface contamination could be detected by moving a sliding barrier toward the floating barrier and sur­face pressure-area data was satisfactorily reproducible. Over a period of time some contamination is to be expected. However, periodic checks for contamination on the clean surface side of the floating barrier during a run showed that in the time required for a run (approximately 15 min.) this was negligible.Materials.—Stearic acid, ra-octacosane, stearyl alcohol, benzoic acid, 1-naphthoic acid, and sebacic acid were East­man White Label grade; lauric acid was Eastman technical grade. These materials were used without further purifi­cation.
C.p. benzene was used as the spreading solvent for all of the films studied with the exceptions of sebacic and 1- naphthoic acids, for which C.p. methanol was used. These solvents were shown to be free of residual film-forming im­purities by spreading 0.1  ml. on the mercury surface and observing that no detectable surface pressure developed when the area was reduced by a factor of 40 (approximately 800 to 20 cm.2). The spreading solutions were applied to the surface using a calibrated micropipet delivering 0.0478 ±  0.0002 ml. Concentrations of spreading solutions were adjusted so that 0.0478 ml. contained an amount of material which permitted investigation of the high area/molecule region of the curve with a maximum error of 1 % at the low area/molecule region. In some cases the entire curve could not be obtained accurately with one concentration of spread­ing solution and thus high and low area/molecule regions of the curve were obtained in separate runs. Concentra­tions from 1 X 10-4 to 5 X 10~4 g./ml. satisfied these re­quirements.
Procedure.—The Teflon trough was cleaned initially by thorough scrubbing with an aqueous solution of “Tide.” After being dried it was wiped with a degreased, lint-free cloth wet with C.p. benzene. Fresh sheets of Mylar film were used for the frame and barriers and, with careful handling during cutting and mounting, did not require further clean­ing. The trough was recleaned and the Mylar frame and barriers were replaced when necessary, i . e . ,  when a clean mercury surface could not be maintained for a reasonable time after one or two sweepings of the surface.
With the film balance in place in the housing, the spread­ing solutions and micropipet were placed on a shelf in the housing and the housing cover was latched tight. The nitrogen flow was started. I t  was determined in pre­liminary work that flushing for 2 hr. at a flow rate of 22 f t .3/  hr. produced an atmosphere of at least 99.5% N2 and that this flow rate had to be continued during runs to maintain this atmosphere. After 2 hr. flushing the trough was filled with mercury from the reservoir. The zero position on the scale was located by sweeping both sides of the float and then a film was spread and surface pressure-area data were obtained in the usual manner.
Equilibrium spreading pressure (n e) measurements were made by placing a small crystal of the undissolved material on a clean area (250 cm.2) of mercury in the film balance and observing the maximum surface pressure developed by spon­taneous spreading. In most cases spreading was quite rapid and the maximum pressure was attained in 2 min. or less. When no pressure developed in 10 min., n„ was con­sidered to be zero. The maximum deviation in repeated measurements was ± 2.0 dynes/cm.
The same mercury could be used for several surface pres­sure-area runs or ne measurements. After a run the film studied may be swept away and confined behind a barrier leaving a satisfactorily clean mercury surface for another run. At the end of a series of runs the “scum” resulting from the sweeping away of several films was compressed to a small area and picked off the surface before the mercury was drained from the trough. This lengthened the time interval between complete washing of the trough and acid washing of the mercury. The trough was drained by means of a tube through the bottom of the trough connected

to Tygon tubing which carried the mercury out of the housing to the reservoir of the mercury still.These experiments were carried out in a controlled tem­perature room set at 25°. A mercury bulb thermometer in the film balance trough showed the mercury tempera­ture to be 26 ± 1 °.A Fisher-Taylor-Hirschfelder atom model kit was used to construct scale molecular models of the materials studied here. Measurements on these models were made to de­termine the projected area of the molecule in various orien­tations with respect to a surface in order to associate the area/molecule observed in surface pressure-area curves with possible molecular orientation in the monolayer. The results of these measurements will be referred to below as the molecular model area in a certain orientation.
Results

General.—Determinations of surface pressure- 
area data on mercury using the apparatus de­
scribed above were, for the most part, as straight­
forward as corresponding determinations on water. 
For the materials reported here, spreading was al­
ways rapid and complete. One difference was ob­
served which was disturbing until it was under­
stood. It was found that the surface pressure- 
area curves could be reproduced in the low pres­
sure region but could not always be reproduced 
satisfactorily in the high pressure region. Also, 
collapse pressures were erratic. The behavior 
in the high pressure region is that predicted by Cary 
and Rideal3 for unstable monolayers, i.e., mono- 
layers of materials that are crystalline solids at the 
measurement temperature which are compressed 
to pressures higher than their equilibrium pressure 
(ne) at the measurement temperature. The be­
havior at low pressures is that predicted for stable 
monolayers, i.e., monolayers at pressures below 
ne. All of the materials reported here are solids 
at 26°. Their IE values were measured (indicated 
on the surface-pressure axes of the curves discussed 
below) and found to be approximately equal to 
the pressure dividing the reproducible or stable 
and non-reproducible or unstable regions of the 
curves. This supports the contention that the 
non-reproducible behavior results from thermo­
dynamic instability of the monolayers in these sur­
face pressure regions and not from any experi­
mental difficulty. These same materials, e.g., 
stearic acid, have n e values on water at 25° of only a 
few dynes/cm., yet quite reproducible surface 
pressure-area data and collapse pressures have 
been obtained with monolayers of these materials 
on water up to 30 or 40 dynes/cm. above lie. The 
difference referred to above, therefore, is that 
monolayer films on mercury compressed to pres­
sures above n e collapse or partially collapse, as 
equilibrium requires, more readily than correspond­
ing films on water.

Collapse of unstable films is explained by Cary 
and Rideal3 as being due to the formation of crystal­
line nuclei in the film which in turn depends upon 
more or less uncontrollable conditions, such as the 
presence of dust, vibration, etc. Since in these 
experiments, dust, vibration, etc., were controlled 
to the same extent as in conventional film balance 
studies, no explanation of the difference in collapse 
behavior can be offered at this time. However, 
on the basis of the work of Cary and Rideal, erratic

(3) A. Cary and E. K. Rideal, Proc. Roy. Soc. (London), A109, 301
(1925).
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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, 
n e 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 is shown. 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 .2/molecule and the other 
covered the region below 110 A .2/ 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 
(± 5  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.2/molecule.

It is believed that the curve for the film on mer­
cury reflects the compression of a monolayer which 
consisted of horizontally oriented molecules at the 
beginning of the compression (260 A.2/molecule), 
of vertically oriented molecules just prior to film 
collapse (25 A.2/ molecule), and of a mixture of 
horizontally and vertically oriented molecules at 
intermediate stages of compression, i.e., from about 
140 to 40 A.2/molecule. (Molecular model areas 
are 120 A.2 for horizontal and 20 A.2 for vertical 
orientations.)

The monolayer is unstable in the surface con­
centration region where some of the molecules 
must be vertically oriented [(<100 A.2/mole- 
cule)-1], since to produce this surface concentra­
tion the film must be compressed to pressures 
higher than n e. Equilibrium requires that such a 
film collapse with some of the film molecules form-

(4) N. K. Adam, “The Physics and Chemistry of Surfaces,” Second 
Ed., Oxford University Press, London, 1938, p. 47.

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 n e. 
According to the surface pressure-area curve a 
pressure equal to lle is produced by a surface con­
centration of (148 A .2/mclecule)_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 2 interface 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 100 A.2/ 
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 .2/molecule 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 n e value 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.2/molecule 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.2/molecule 
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.2/molecule): collapse was 
always observed at about 60 A.2/molecule. 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.2/molecule 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.2/molecule. 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 n e would be that 
tentatively attributed to horizontally oriented 
coiled molecules. It should be pointed out, how­
ever, that the precision of the ITe measurement 
(± 2  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.2/molecule) 
and then collapses. The ITe value 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-N2 interface.

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 1-naphthoic acid perpendicular or nearly

Fig. 2.—Surface pressure-area curves on mercury, 26°.

Fig. 3.—Surface pressure-area curve of sebacic acid on mercury, 26°.

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.2/molecule5 for benzoic 
acid and >100 A.2/molecule6 for 1-naphthoic acid) 
and the curve rises sharply as the area/molecule 
approaches that of close packed vertically oriented 
molecules (about 20 A.26 for benzoic acid and 30
A.2 6 for 1-naphthoic acid when both are adsorbed 
by means of the polar group). The n e value 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 areas.
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planes perpendicular to the surface. 1-Naphthoic 
acid, like sebacic acid, 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 n e. Since n e 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 n e, 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 n e >  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 ,o )- 
(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

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 .2/molecule 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 
B y_ substituting in eq. 1 (ya +  7 ab) for 7 ' where 
7 a is the surface tension of the monolayer material 
and 7ab 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, 7ab 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 measured8 and 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.

DISCUSSION
H erman E. R ies, Jr . (American Oil Company).—Did your isotherms indicate that on mercury the f i n a l  collapse pressure for lauric acid is greater than that for stearic acid? If so, what is the explanation?
A. H. Ellison.—Final collapse pressures were not reproducible. This, as indicated in the paper, is the ex­pected behavior of monolayers compressed to surface pres­sures higher than ne. Thus no attempt was made to obtain a characteristic final collapse pressure for the various ma­terials. Given enough time a monolayer should collapse to a pressure equal to n„. Under these conditions lauric acid collapses at a higher pressure than stearic acid.
D ean W. Criddle.—How reversible is the II-.4 isotherm of stearic acid on mercury?
(6) Reference 4, p. 21.
(7) J. J. Bikerman, “The Nature of Surface Pressure,” paper pre­

sented in the Division of Physical Chemistry at the ACS National 
Meeting, New York, N. Y., September, 1960.

(8) Reference 1, pp. 25, 29.
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A. H. E ll iso n .—The Ï l - A  isotherm is reversible up to a pressure of n0. Above the pressure of n0 the film is unstable and shows hysteresis on decompression. If the film is ex­panded so that the pressure falls to or below II,. and then recmnpressed it would be ns though a new film had been spread and as stated in the paper not likely to yield a good reproduction of the isotherm above IIe obtained in the first compression.
J. N. W ilson  (Shell Development Company).—The superiority of acid washing over distillation for the purifica­tion of mercury suggests that polyatomic clusters exist in mercury vapor, especially at relatively low temperatures. Because of the relatively low specificity of metallic bonding, such clusters may act as carriers to transport metallic im­purities through the vapor.

F. M. F o w kes  (Shell Development Company).—May I suggest that the pressure-area isotherms of Fig. 1 -4  might lie easily expressed in terms of the equations developed in paper II of my series on Ideal Two Dimensional Solutions [./. P h y s .  ( 'h e m '. , 66, 385 (1962)], treating the monolayers (at least up to 11 = lle) as surfaces of mercury atoms (com­ponent 2 ) diluted by organic molecules (component 11 which should not be associated on this surface because they are more strongly bound to mercury than to each other [see J . P h y s .  C h e m . ,  66, 382 (1 962 )]. The film pressure n  should be a function of the mole fraction of mercury atoms in the film-covered surface (A';) and the partial atomic area of mercury ( a . ) .

=  - k T  In X 2
<72

T H E  A D S O R P T IO N  O F  F L E X I B L E  M A C R O M O L E C U L E S . P A R T  I . T H E  
IS O L A T E D  M A C R O M O L E C U L E  A T  A  P L A N E  I N T E R F A C E 1

B y  A. S ilber be rg2

M e l l o n  I n s t i t u t e ,  P i t t s b u r g h ,  P e n n a .

Received M arch 2, 1962

The adsorption of an isolated, flexible linear polymer molecule of high molecular weight is treated at an infinite plane surface. The question of a possible equilibrium configuration is examined when it is required that some at least of the seg­ments of the polymer molecule are in contact with the surface, and it is assumed that for each segment so placed the internal energy of the system is reduced by an adsorption energy x k T .  I t  is shown tha t the polymer molecule will split up into sequences of segments; alternate stretches of P s  segments all in the surface and loops of P b segments all out of the surface, whose size is not a function of molecular weight. The length, P b, of the loops will decrease and the fraction, p ,  of segments in the surface will increase as the absorption energy x  increases. Several models are considered. For an all adsorbable polymer molecule on an all adsorbing surface, the loops P b are small and p  is large even at small values of x .  Such polymer molecules stay close to the surface with practically all their segments, and behave essentially as two-dimensional structures. In cases where not all surface sites are adsorbing, or not all polymer segments are adsorbable, or both, the size of loop is considerably increased and much higher adsorption energies are required. Restrictions limiting the re-entry of an adsorp­tion loop into the surface, as well as any increase in specificity, have a similar effect. It is shown that structural principles affect polymer adsoiption in sensitive fashion. The methods described can easily be adapted to discuss a variety of cases and are useful for this reason. I t  is one of the consequences of this model that the ends of the polymer molecule are on the surface. A discussion of previous theories, which predicted rather different results, is given.
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
quate 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 papers3a'3b 
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.

(2) On temporary leave of absence from Weizmann Institute of 
Science, Rehovot, Israel.

(3) (a) II. L. Frisch, R. Simha, and F. R. Eirich, J .  Chem. P hys., 21, 
365 (1953); (b) R. Simha, IT. L. Frisch, and F. R. Eirich, J . Phys. 
Chem., 57, 584 (1953); (c) II. L. Frisch and R. Simha, ibid., 58, 507 
(1954).

(4) Ii. L. Frisch, ibid., 59, 633 (1955).
(5) H. L. Frisch and R. Simha, J. Chem. P h ys., 24, 652 (1956).
(6) II. L. Frisch and R. Simha, ibid., 27, 702 (1957).
(7) W. I. Iiiguchi, J .  Phys. Chem., 65, 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, 3a'3b and, 
although the thermodynamic part has been cor­
rected6 and the treatment of the isolated molecule 
improved,4 *'7 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 IIs we

(8) A. Silberberg, ibid., 66, 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 v%i 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 toi and to, are subject to the restrictions

Q =  H  v(Pb + Ps)m co{Ph)m û(Ps)m
PB,Pa,m

(  P b t o X  /  Psm 
\ m ) \ m

(3a)
where the equilibrium values of to, P B, and Ps are 
fixed by the requirement that they determine the 
maximum term of Q. Note that to, P b, 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

t o ( P b  +  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

ln Qterm = m{Pn +  Ps) In r? +  to In coco +

toP b In P B

P b -  1
+  mPs In Ps

Ps -  1 +

and
2 m  ; +  hjm-j =  P  (1)

2 m\ — 2«jj (2)
We then define functions, co(f) and ¿3 (,/), rep­

resenting the thermodynamic probabilities of a 
run of i segments, in a loop near the surface, and a 
run of j  segments, totally in the surface, respectively. 
The functions co and û 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 = VZim'' + Ximi n ca(i)m' IL5(J>' 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 to and to 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 — P b)

m{j) =  md(j — Ps)

where 5 stands for the 5-function, P B 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

to In (PB — 1)(PS — 1) (5)
Multiplying (5) by a Lagrangian multiplier X we 
define a function

Q =  In Qterm +  Ato(Pb +  P s )  (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 X may be eliminated to give

ö ln co
ÖPB

ö ln co P B P s  —  1
ö P s  +  ln P b -  1  ̂ P s

=  0 (7)

In co — P B
ö ln co 

Ö P  B
+  In ci — P s

à ln ¿> 
ÖPs

ln (PB -  l)(Ps -  1) = 0 (8)
as the set of equations to be solved for P b 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 
ô2Q /c)Pb2 and dHJ/dPp are non-zero. As necessary 
conditions for a maximum we thus find

and

ö2 ln co 1
öP b2 <  P b(Pb -  1)

à2 ln cô 1
Ö P s 2 <  P s ( P s  -  1 )

(10)

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 B reaches 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.—Schematic representation of lattice considered: (a, b) hexagonal lattice; (c) cubic lattice.

In Ô) ( P  B * +  P s )
ô l n à
"d P 7

+  P b* In P b*
P b* -  1 X

Ps -  1 
Ps

+  In (Pb* l)(Ps -  1) +

In co(PB*) =  0; P b =  P b* =  const. (11)

where P b* 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 P b 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

In co — (PB +  1)
ô In co
^ p 7

+  In (Pb ~  l )2 
P b

In (1) =  0 ; Ps =  1 (12)
as the equation for P B.

Note that knowledge of P B and Ps gives complete 
information about the state of the polymer. We 
shall in particular be discussing P B and the frac­
tion -p

P s

P b  +  P s
(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 co must 
thus be established for each case.

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 
PB segments corresponds to a random walk of P B 
+  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 =  5 have been treated. 
The manner of derivation should be obvious.

Let us now consider the expression

« (P b) =  ( ^ S) 2/ Pb ( Z -  D Pb -  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 Ti which fall 
within the tested range, we may regard (14) with /  
=  0.7 as adequate to our purpose.

For ¿0, as is easily seen, we may put

¿ ( P s )  =  S(S -  l ) p s -  2 gtPa ( i s )

where x is the segment adsorption energy, i.e., the 
reduction in internal energy (in units of k.T) per 
segment occupying a surface layer site.

For P B and Ps we thus derive the following equa­
tions from (7) and (8), respectively

In -  Ps j  =  In P b - +  In %----- \ +  In /  -  *
Ps -  1 P b -  1 < 8 - 1

In
1

( P s  -  1 )
= In ( P B -  1 )  +

In 7 !\ ( Z -  <S)}2,<S/(Z -  1)08 -  l ) 2

(16)

07)
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T a b le  I
N u m be r  of C onfigurat ions of an  A dsorption  L oop on a  Z  —  S  L attice

No. of segments Max. no.
in loop, P-Q of layers involved Total no. of configurations ûj(Pb)e-fw-o

( Z -  S'J s  ( Z -  s y

(4 wx v  - o(z-7 -s)+(̂ ) « - ■> (̂ )
P w 5) ' *  ( ^ i ) - + ,  ( ^ ) ' ( z- p  - . )  s ( ^ )  +

( ^ • ( V  -  > ) ( ^ -s) ' + -  ’ )'( V )  +(̂r̂)4(252+5(5 -i)}+(c~2^ y ( c ~ ~  o ( 2s(5 -i}+52)+
l ~ ^ ) W s  -  1)3

/
0.67

.66

.72

.72

.70

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 PB is 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 l/-->{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.— 
(a) 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 con and 
ü)p normal and parallel to the surface, respectively, 
in the knowledge that

» (P b) =  û>„(Pb)îop(Pb) (18)

for any combination o>n and « P referring to the same 
number of steps. A similar equation holds for w.

Adsorption Energy x (Units of kT).
Fig. 2.—Length of adsorption loop P b  and fraction of number of segments p  in the surface a t various values of the adsorption energy x  on a Z  —  S  lattice; Z  =  12; S  =  C; /  = 0.7.
(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 1 where 
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 + 1)
¿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 P B +  1 steps. While we must exclude all 
occupations of layer line 1 by these P b segments, 
there is no objection to layer line 0 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 (P b — 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)!

+  1>
2Pb + i

(2  it) 1/!P b(Pb +  1)‘A (20)

where use was made of the Stirling approximation 
to represent the factorials.

(c) Using the same approach it is also easily 
shown that the number of paths which go from the 
surface, but, in l 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

ênd(f) — q -  Di
l -  i\ . H -  l

; l odd

(l -  2)!

" m m

; l even

(27rl)X/l;Z» 1  (21)

(d) We shall in addition be considering cases 
where not all outer layer line sites are adsorption

(9) S. Chandresekhar, Rev. M odern Phys., 15, 1 (1943).

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 o,n(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

«n (Pb)
2__________ (Pb +  ! ) ’■

(Pb +  3) ^P b +  1 ^, ^P b +  1 ^

2Pb + 3
(2^)1A(PB +  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 P B +  1 steps 
in one dimension is 2-Cb+ i . The restrictions which 
apply to equation 20 thus reduce this number by a 
factor (27t) 1/!P b(Pb +  1) ‘A. In terms of entropy 
this represents a decrease by an amount k In [(2t) F2- 
P b(P b +  1)‘A] for each loop of length P B. Note 
that this is in fact relatively little. Even if P B is 
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 cop and ¿ 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

cop (PB) =  2 +  i) (24)

¿p(Ps) =  22(Ps -  »  (25)
(g) To assume such a measure of freedom may, 

however, be rather naïve. 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-
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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 
( P b  +  1) steps, consistent with an end separation of 
£ lattice distances, is given by

_____________ ( P b  +  1 ) !

or, using the Stirling approximation, by

2P® + i

(i^+»r
e- ( 2/2(PB +  1)

If there is a separation ±&  into one direction and 
±£2 into another, independent direction, at right- 
angles to it, such that

à 2 +  &2 =  e

Position Normal to Surface in Units of Lattice Distances.
(a) (b)

Fig. 3.—Schematic representation of a linear random walk normal to the surface. The random walk is pulled out, concertina fashion, for inspection, with each step findings its appropriate location along the ordinate. The lattice stretches from — = to layer line 1 which is thus the physical surface. The steps AB and CD must be taken as shown. The (Pb — 1) intervening steps may be taken in any way which does not take them up to or beyond an absorbing wall (shown shaded) and placed as indicated. A possible per­mitted path is shown dotted, (a) Occupation of surface layer sites is forbidden; (b) occupation of surface layer sites is permitted.
the number of configurations consistent with a 
separation |£| thus turns out to be by (26) and since there are 8n points at distance nD 

we have
1 22<pi> + «

( P b  +
c- (2/2(Pb +  I) (26)

where the factor 1/i allows for the fact that there 
are four ways of arriving at |£|. 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 22(pB + 1)

* ~  ( P b +  1)
J 0"  e- f V2(Pn + i)2*.£ d£ =  22<pB +

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) = 22<pb + i) e-d2,/2(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 , . . . ,  ( P b  +  1 )/D. The number of configur­
ations leading to a point for which £ =  nD are given

« „(P b)
5  (P b  +  1)

E
8 n
T

2 2  (P b  +  1)

\  ( P b +  1)
e

(nD)2 
2 (P b  +  1)

(28)
It is obvious that the above is a very rapidly con­
verging series, provided

( P b  +  1 )  <  P 2  (29 )

We shall break it off therefore after the second term, 
and thus find

« „ ( P b )
4 22(pb + i) _ 

7r ( P b  +  1)

D2
2 (P b  +  1) X

r an2 -|
|_1 +  2e~ 2(P b + 1)J (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  (PB + y (31)

and
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co( P b )
23(Pb + 1)

( 2 x ) ia P b ( P b  +  1 ) ' A  6

d2
2 ( P b  +  1) (32)

Fig. 4.—Restrictions on adsorption loops in a cubic lat­tice. The diagrams visualize the outer layer line surface sites (corresponding to position 1 in Fig. 3) seen from below. The lattice site positions occur at the intersections of the lines as shown. Each such square corresponds to the side of the cube in Fig. 1(c) and its edge measures out 2 lattice distances, (a) The ends of the adsorption loop are precluded from being closer than d lattice distances apart. The area shaded is ex­cluded to the returning path, (b) Not all surface layer sites are adsorbing. Those which are, are shown as open circles and are D  lattice distances apart. Points A and B may oc­cupy surface sites without energy change, (c) Not all poly­mer segments are adsorbable. Those which are, are shown as open circles in the chain and are N  segments apart. Point A is in the surface without energy change. Point B, how­ever, represents an adsorption.
MAXIMUM LENGTH OF ADSORPTION LOOPS.

Fig. 5.—Maximum length, P B * , of adsorption loops for various values of the excluded surface parameter, d.

for substitution into (7) and (8). These are then 
solved for P b and Ps-

Examining the restrictions (9) and (10) we find 
that the solution is valid for

( P  b  +  1 )
2 ( P b  +  l ) 2 ~ 

P b 2( P b  -  1 ) .
<  2d2 (3 3 )

only, so that, depending on the value of d, the 
number of segments in an adsorption loop may not 
exceed a certain value P b *. H o w  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 
a)n 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 P b are plotted as func­
tions of x in Fig. 6 and 7 as curves 2 and 3 for the 
cases d =  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 P b 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 
P b  >  d — 1  (see Fig. 4(a)) as otherwise the adsorp­
tion loops could not span the excluded area. The 
curves for d =  4 and d =  8 in 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 AHAds is the energy change 
in the adsorption of a segment, in conventional 
energy units, we have
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x =
AFAd8

kT
(34)

and we may regard x  as an inverse temperature, if 
AEAAa is constant. The abscissas in Fig. 6 and 7 
are thus proportional to l/T, and the changes ob­
served may be interpreted as a gradual 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. P s =  1 and 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 con and 
o)p, respectively, we have

co(l) =  ex (35)
and

< P b) =  F
2 3(Pb + d  Y[ 1 +  2F3]

x(2ir)
Té”

'/n (36)
(Pb +  3)(Pb +  l ) ’ /!

with

Y — exp D 2 "
_ 2(Pb +  1).

(37)

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 P b can assume are bounded. 
We must have P B >  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

d =
V 3

D

For the case D =  10 the solution is plotted as 
curve 5 in Fig. 7. Note the big shift along the 
energy axis and the large P b values which are ob­
tained in this case. If x =  6, for example, P B in­
creases from about 1 (on a uniformly adsorbing 
surface, curves 1 or 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

FRACTION OF POLYMER SEGMENTS ON SURFACE.

Average Adsorption Energy per Surface Site, x or 1/2 x 
in Units of kT.

Fig. 6 .—Fraction, p, of polymer segments on surface at various adsorption energies. The energy is averaged over the segments in the adsorption stretch. For the cubic lattice the abscissa, consequently, is l/j x .

LENGTH OF ADSORPTION LOOPS.

Fig. 7.—Average number of segments, Pb, in an adsorp­tion loop in dependence on the segment adsorption energy, 
x .

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 P b ' 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

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 .

- Do

Oi =  fii[l -  2.887]

i22 =  02 [1 -  3.677 +  5.272]

=  q3[1 -  4.O87 +  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 B there replaced by

w ( A I P s ' )  =  2 3 ':P s '  -  9N x

- 4 e-d2/2N

(2ir)*'! N l/\N +  2) J
(¿V -  i)

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 P B', 
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 Oi 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 üj be the corresponding total number of con­
figurations where no adsorbable segment is ex­
cluded from the surface. Obviously for i =  0

ffo — flu
and is given by (23), if we replace P b there by N  
— 1. We have

if 0  =  f2o =  2 * 7  (39)

with

4 4
7 ~  (2x )vW ‘/!(V  +  2) ~  (2ir)’ /W i/! (4°^

For loops, involving a finite number of adsorption
segments, we have

Sh = üi -  Ü02

Sf2 = fi, -  2fijO0 +  SV

ih =  n3 -  2U2Si0 +  30^o2 -  Qo4, etc.
where it is easily seen that the terms in these ex­
pressions stand for successive over-corrections

P b =  N (P b' +  1) -  1 (41)
the following expression for 0

" (P b’N)  =  2 » « V  + wr  4  X
{¿IT)

_  d 2

e 2V(p b' + i)

V '/!(Pb' +  1)1/2[V(Pb' +  1) +  2] 2

Substituting (38) and (42) into suitably modified 
equations 7 and 8 we can solve for P B' and Ps'. 
An upper limit for P B' 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 P B' constant at P b '*. 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) +  N (P b' +  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 P B =  9 is an asympt otic 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.

8. Cubic Lattice; Not All Polymer Segments 
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 co we make the 
appropriate extension and find, in analogy to (35) 
and (36)

ò(N P  s') =  e* (44)
03(Fb' + DAT V'fJ I o y 'l]

« ( t f iV )  =  F --------— --------L  (45)

where

i(2tt)
16

Y' =  exp

N s/i [P+  +  1]Vz

D 2
2N(Pb' +  1)J

(46)

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 cop.

Remembering that Ps' =  1 in this case and is 
constant, we have plotted the results, expressed 
as P B (equation 43), in the case 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 in 
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 l segments in each of the two ends we should 
modify (4) to read

m(PB +  Ps) + 2 1  =  P  (47)
and include a term wend2(0 in Q, equation 3. For 
coend(0 we may use the expression, equation 21, 
derived before. The equilibrium of the system de­
mands in this case that

d2 In co(£) 
àl2 °

From (21), however, we see that

d2 In co (l) _  
dl2 ~ 212

and that therefore no equilibrium situation exists. 
This means in practice that the ends of the chain 
are in the surface.

10. Discussion and Conclusions.— Our results 
may be summarized as follows: Provided that the

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 
and morphology of the surface and of the polymer 
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 
V2P b 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 co and 
co can be devised. While the expressions given here 
for co and <o take 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 
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.3a-3b 
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 PB 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, 
r  »  (PB +  Ps)-

Frisch subsequently4 improved 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

equation 3 but with

co(Pb) =  (1 -  p)Pa 

¿(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 P B = 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 II.

Some of the recent observations of Fontana 
and Thomas10 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.

Nomenclature
P : no. of segments in the polymer molecule 

P b : 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

APaiIs

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\ =  to

Sto, =  to
(10) B. J. Fontana and .1. R. Thomas, Phys. Chem., 65, 480 

(19G1).
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2(m0 +  SO'wij) = P

w(i)\ no. of configurations (distinguishable 
paths), weighted with any Boltzmann 
factor, which lead away and back to the 
surface under the restrictions imposed, in 
(i +  1) steps

ü(j) : no. of configurations (distinguishable
paths), weighted with any Boltzmann 
factor, for (j — 1) steps taken totally in 
the surface

wa(i): 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

cop(i): 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)

D : no. of direct line lattice distances separating 
adsorption points on a spotwise adsorb­
ing surface

N: no. of segments per adsorbing segment in a 
spotwise adsorbable polymer molecule 

d : minimum no. of lattice distances separating 
the ends of an adsorption loop 

Q : partition function 
X: Lagrangian multiplier

£: no. of lattice distances separating the ends 
of an adsorption loop

l: no. of segments in a terminal adsorption 
loop

rj : partition function over all internal degrees 
of freedom of each segment 

f : factor expressing influence of surface restric­
tions, per segment, on short loops on a Z, 
S lattice

p: fraction of total number of segments ad­
sorbed to the surface 

Y  : see equation 37 for definition 
y : see equation 40 for definition 

Sh: 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

tii'. 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 

P b* : maximum no. of segments in an absorption 
loop

P B: av. no. of segments in polymer molecules 
where different size loops co-exist 

Note: Where any of the above symbols appear 
with primes they refer to an enumeration 
in terms of adsorption segments.
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T H E  A D S O R P T IO N  O F  F L E X I B L E  M A C R O M O L E C U L E S . P A R T  II . T H E  
S H A P E  O F  T H E  A D S O R B E D  M O L E C U L E ; T H E  A D S O R P T IO N  I S O T H E R M

S U R F A C E  T E N S IO N , A N D  P R E S S U R E 1

B y A . Silberberg2 
M e l l o n  I n s t i t u t e ,  P i t t s b u r g h ,  P e n n a .

Received M arch 16, 1962

The known facts about the adsorption of macromolecules at surfaces, in particular the concentration, temperature, and molecular weight dependence of the adsorption isotherm, and of surface tension and pressure, and the shape of the adsorbed polymer molecule are reviewed. A model is introduced, based on the concepts used in discussing the isolated macromolecule at the surface (Part I), in which the adsorbed polymer molecules are attaohed to the interface by stretcnes of segments in the surface alternating with loops pending away from it. These loops are considered to set up a thin surface adjoint bulk phase of rather high polymer concentration. The partition function for the entire system is written down, and equations determining the equilibrium values of all variables derived from it. In the process, a new and rather simple method of determining the entropy of mixing of polymer molecules with low molecular weight solvent is introduced and discussed. The behavior, so predicted, is found to coincide in all essentials with the observed facts. I t is found, in particular, that adsorption reaches a plateau value which maintains itself over a wide range in concentration. The plateau value is molecular weight dependent, adsorption increasing with increasing molecular weight, but at a decreasing rate, becoming independent of it, when it is very high. The temperature dependence of adsorption is small and segment adsorption energies can be quite low. Despite this the polymer molecules are practically flattened into the surface. Some half the segments are directly in the surface and the adsorbed layer is very thin. The shape of the adsorbed polymer molecule is largely independent of molecular weight and concentration, but depends strongly on the factors restricting polymer accommodation to the surface. The low rate to equilibrium and the inability to “wash off’ ’ adsorbed polymer films is explained. The theoretical isotherm apparently fits a Langmuir plot, but not for the usual reasons. Surface tension decrement and surface pressure are shown to be nearly the same for very dilute polymer solutions. Surface tension and adsorption are related by the Gibbs equation. A surface equation of state is derived. Ideal behavior is predicted in the limit of low surface adsorption. Other limiting cases previously considered in the literature also are covered.
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, 21'22 only a little is known about the surface 
tension of polymer solutions,23“ 26 but a great deal

(1) This work was supported in part bv the Air Force Office of 
Scientific Research under Contract No. AF 49(638)541 with Mellon 
Institute.

(2) On temporary leave of absence from Weizmann Institute of 
Science, Rehovot, Israel.

(3) (a) I. Claesson and S. Claesson, Phys. Rev., 73, 1221 (1918); 
(b) S. Claesson, D iscussions Faraday Soc., 7, 321 (1949); (c) L. E. 
Aniborski and G. Goldfinger, Rubber Chem. Technology, 23, 803 (1950).

(4) W. Heller and W. Tanaka, Phys. Rev., 82, 302 (1951).
(5) E. Jenckel and B. Rumbach, Z. Elektrochem., 55, 612 (1951).
(6) I. M. Ivolthoff. R. G. Gutmacher, and A. Kahn, J. P hys. Chem., 

55, 1240 (1951).
(7) I. M. Ivolthoff and R. G. Gutmacher, ibid ., 56, 740 (1952).
(8) E. Treiber, G. Porod, W. Gierlinger, and J. Schurz, Makrornol. 

Chem., 9, 241 (1953).
(9) J. F. Hobden and H. H. G. Jellinek, J. Polym er Sci., 11, 365 

(1953).
(10) G. Kraus and J. Dugone, Did. Eng. Chem., 47, 1809 (1955).
(11) A. Nevo, A. De Vries, and A. Katchalsky, Biochim . B iop h ys. 

Acta, 17, 536 (1955).
(12) J. Koral, R. Ullman, and F. R. Eirich, J. Phys. Chem., 62, 541

(1958) .
(13) O. E. Ohrn, A rkiv. K em i, 12, 397 (1958).
(14) J. S. Binford and A. M. Gessler, J . P h ys. Chem., 63, 1376

(1959) .
(15) H. L. Frisch, M. Y. Heilman, and J. L. Lundberg, J. Polym er  

Sci., 38, 441 (1959).
(16) M. Gottlieb, J . Phys. Chem., 64, 427 (1960).
(17) B. J. Fontana and J. R. Thomas, ibid., 65, 480 (1961).
(18) R. Perkel and R. Ullman, J. Polym er Sci., 54, 127 (1961).
(19) S. Ellerstein and R. Ullman, ibid., 55, 123 (1961).
(20) H. L. Steinberg, TV. H. Grant, and F. L. McCrackin, Abstracts 

of Papers, 140th ACS National Meeting, Chicago, September, 1961.
(21) I. R. Miller, J. Phys. Chem., 64, 1790 (1960).
(22) I. R. Miller, Trans. Faraday Soc., 57, 301 (1961).
(23) A. Couper and D. D. Eley, J . Polym er Sci., 3, 345 (1948).

more has been learned about spread films.26“ 31 
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):

(a) 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“ 16'17“ 19'21.22 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.11 ■17,19

(b) The adsorption is molecular weight depend­
ent. The amount adsorbed increases with molecular 
weight at small molecular weights.4“ 8'10.12'14'15’19,2122 
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.6'7-17'21'22 Use can be made of this

(24) A. Katchalsky and I. R. Miller, J . P hys. Colloid Chem., 55, 
1182 (1951).

(25) H. L. Frisch and S. Al-Madfai, J . A m . Chem. Soc., 80, 3561, 
5613 (1958).

(26) H. B. Bull, ibid., 67, 4, 8 (1945).
(27) D. J. Crisp, J. Colloid Sci., 1, 49, 161 (1946).
(28) H. W. Fox, P. W. Taylor, and W. A. Zisman, Ind. E ng. Chem., 

39, 1401 (1947).
(29) H. B. Bull, J. Biol. Chem., 185, 27 (1950).
(30) H. Ilotta, J. Colloid Sci., 9, 504 (1954).
(31) D. D. Eley and D. G. Hedge, D iscussions Faraday S oc., 21, 226 

(1956).
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m onolayer, m ust also va ry  w ith  the surface pres­
sure, especially if  the molecule can deform  or re­
orient upon compression.

I t  is possible to  summarize our knowledge of the 
energy barrier b y com bining the various factors that 
have been discussed. T h e y are: i f ( I I )  the m ono- 
layer structure, Z (II) the chain length, U p (II)  the 
polar group contribution  to  E, I I  (C g), and a0. The 
to ta l energy barrier

E =  U c h iC ^ j l> I I ,  flo) +  EP(K, I I ,  a0) (9)

where Ecu, is the contribution  of the hydrocarbon 
chain. A lth ough  E  has been d ivided in to  a num ber 
of factors, the surface pressure, chain length, and 
structure are a ll related. Therefore, it  would be 
more m eaningful to  lum p A ( I I ) ,  ¿ (II), Ep ( I I ) ,  and 
I I  (C s) together as a m onolayer factor, M, th a t is 
d istinct from  a0 which depends on the gas th a t is 
perm eating. Equation  9 then can be abbreviated 
E(M, a0). A lth ough  the energy term  in  eq. 8 is 
much sim pler than eq. 9, it  contains both m ono- 
layer and perm eant factors and therefore is a rea­
sonable first approxim ation to  the general depend­
ence of the energy barrier on the variables of the 
system.

C . M onolayer vs. B u lk  Processes.— One of the
questions in  connection w ith  the form ulation of 
m onolayer processes is the necessity of eventual 
overlap w ith  bu lk  processes. There m ay be an in ­
term ediate range w hich cannot be treated from  
either po in t of view  but it  seems more lik e ly  th at 
there is a gradual change from  a m onolayer process 
to a bu lk process.

Consider w hat happens to  the perm eation rate 
(or the energy barrier) as one increases the length 
of the hydrocarbon part of the molecule. Th e  most 
obvious effect is th a t E p of eq. 9 gradua lly becomes 
negligible and ECm, w hich varies w ith  the length, 
plays a m uch more im portant role in  the to ta l E. 
I t  has been shown10 th a t Z (II) tends to  level off as 
one increases I I  so there probab ly is an upper lim it 
even if  a q u a n tity analogous to  I I  in  bu lk phases 
should increase w ith  the length. Furtherm ore, if 
one calculates an apparent diffusion coefficient from  
the data, th is q u a n tity decreases w ith  the lengt h of 
the chain (in  the direction of values fo r bu lk phases). 
The m agnitude of the decrement itse lf decreases 
w ith  length, im p lyin g  a lim it. Presum ably, th is 
lim it w ould equal the observed diffusion coefficient 
for bulk phases.

Another aspect of the transition  in  properties is 
elucidated from  a consideration of the energy bar­
rie r. Th e  fact th a t the addition of a C H 2 group to 
the chain increases the energy barrier im plies th at 
the process of perm eation is all-or-none, i.e., a per­
meant m ust be able to surm ount the entire barrier 
as one jum p or else not get th rough .16 In  the case 
of the m onolayers studied the greatest num ber of 
permeants cross the barrier in  one jum p but as the 
barrier is increased fewer molecules w ill be able to 
do this. The num ber of jum ps w ill increase and 
eventually the energy barrier w ill no longer increase 
w ith  the thickness of the layer. T h is  im plies 
agreement w ith  F ic k ’s law7. I t  also im plies the 
necessity fo r considering solubilities in  the kinetics 
since there wmuld now have to  be a certain concen-

MEIVBRANE
Fi", 2 .— Diagram of permeation process (symbols defined in 

text).

tra tion  of perm eant in  the “ extended m onolayer” 
phase.

The various factors contained in  eq. 9 therefore 
can be q u a lita tive ly extrapolated to  the case of 
bu lk phase perm eability. Th e  A ( I I )  which causes 
variations in  m onolayer properties w ould probably 
now be the m ajor determ inant of variations in  the 
perm eability of bu lk phases. I t  w ould be related 
to  the size of the holes between adjacent molecules 
and therefore to  the energy necessary to  increase 
the size of the hole to  accommodate a perm eating 
molecule.

IV . Applications to M em brane Processes. A . 
Th e  Perm eation Process.— The process of passive 
membrane perm eation to  sm all uncharged m ole­
cules can be form ulated on the basis of the fo llow ing 
assumptions.

(1) The membrane functions as a m onolayer 
and therefore is a homogeneous structure having 
uniform  thickness and no pores.

(2) The perm eating molecule exists in  solution 
in  different states of h yd ration . There is an equi­
lib rium  concentration of unhydrated molecules given 
b y an expression like eq. 7 where E  is the energy of 
dehydration.

(3) The perm eating molecule does not dissolve 
in  the membrane but sees on ly a structureless 
energy barrier.

(4) The rate of perm eation is determ ined b y  the 
fraction of molecules w hich has sufficient energy to 
overcome the energy barrier due to the membrane.

(5) Figure 2 gives a diagram  of the process and 
indicates the directions and energy barriers. The 
sym bols used are: R =  perm eation rate per un it 
area, tim e, gradient; C =  concentration; E  =  
energy barrier. The subscripts refer to  the un­
hydrated form  (u ), the hydrated form  (s), and the 
process of dehydration (d ). The prim ed and un­
prim ed sym bols refer to opposite sides of the mem­
brane.

T h is  form ulation differs from  the D a n ie lli 
th eo ry2 in  a num ber of significant respects: (1) In  
the potential energy diagram  the membrane is 
viewed as a single barrier rather than a series of 
sm all barriers. The barriers at the membrane 
edges are considered to reside in  the solution and 
not in  the membrane.

(2) There is no chemical in teraction  between 
the membrane and the permeant either on entering 
or leaving. Th is  elim inates the d ifficu lty  of ex­
p la in ing w7h y non-reacting species enter and w hy 
reacting species leave.
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RADIUS OF PENETRATING 
MOLECULE (A units).

Fig. 3.— Fraction of permeating molecules vs. radius of per­
meating molecule.

(3) There are no pores or fine structure of any 
kind in  the membrane.

(4) The energy barrier depends on a num ber of 
the physical properties of the membrane and per­
meant.

Le t us now consider the perm eation process. 
Th e  perm eation rate, R, is a product of a concen­
tra tion  difference term , an energy term , and a pro­
p o rtion a lity constant, Ki or i f 2. Th e  molecule 
can permeate as a hydrated or as a free species, so

Ru =  Rn- R j  =  Ki(Ca -  < v ) e xp (—  E JkT)
( 1 0 )

and

Re =  Rs ~  Rs' =  K t(C, -  Cs') exp { -E J k T )
( 1 1 )

(O bviously the problem  is grea tly oversim plified 
since there are bound to  be m any degrees of hydra ­
tion  in  solution.) The to ta l rate is a com bination of 
eq. 10 and 11. I f  the penetrant is p rim a rily  in  the 
C8 form  but Ea is high and Ra is ve ry sm all, a mole­
cule m ay require less energy to  shed its  hydration  
layer and cross the membrane as a free species. 
Th e  concentration of unhydrated molecules is 
given b y

Cu =  Cs exp { -E J k T )  (12)

and the rate of movement of the hydrated molecules 
via dehydration across the membrane is

X  =  (C . -  Cs')K 2 exp {~{Ed̂ — } (13)

Equation  12 can be rearranged so th at it  has the 
form  of an equilibrium  constant or a p a rtitio n  
coefficient. Therefore, eq. 13 describes a rate th at 
is proportional to a p artition  coefficient.

Studies on the perm eability of natural membranes 
to  a va rie ty  of substances have led to  a correlation 
of the perm eability w ith  the o il-w a te r p a rtitio n  
coefficients. D avies16 has shown that in  the diffusion 
of ions between water and nitrobenzene, the water 
to o il rate depends on the p a rtitio n  coefficient w hile 
the reverse rate does not. Since the ions are 
hydrated in  the aqueous phase but not in  the o il 
phase, the partition  coefficient measures the process 
of dehydration on going in to  o il. In  the experi­
ments w ith  m onolayers, where molecules go from  
gas to  liqu id , pa rtition  coefficients do not appear, 
since the diffusing species is not hydrated in  the 
gas phase. W here the molecules pass through the 
m onolayer from  the liqu id  to  the gas one expects 
perm eabilities th a t correlate w ith  p a rtitio n  co­
efficients and th is has been found q u a lita tive ly .10 
Th e  explanation fo r th is can be tw ofold . The 
hydrated molecule is larger, so it  m ust do more 
w ork to permeate, and the rate is slower. O r there 
is an extra  step, dehydration, which decreases the 
rate. B oth  explanations are in  terms of effects that 
are measured b y  p a rtitio n  coefficients even though 
there is no so lu b ility  in  the m onolayer.

A lth ough  there were a num ber of differences in 
the assumptions, the results of th is form ulation of 
the rate do not d iffer from  those of D a n ie lli in  the 
general form  of the equations, in  the dependence 
of the rate on the tem perature, and under certain 
conditions, in  the dependence of the rate on a factor 
th at is like a p a rtitio n  coefficient. Th e  m ajor ad­
vantages of the D a n ie lli form ulation therefore are 
conserved. Th e  w ay in  which th is form ulation 
differs is th a t the energy barrier can now be con­
sidered in  term s of its  components and th is results 
in  the derivation  of a num ber of membrane prop­
erties on the basis of the m onolayer model.

B . A  M odel fo r a Porous M em brane.— Pores 
are believed to  exist in  plasma membranes since 
there are tw o general factors that govern per­
m eab ility. F o r lip id  soluble substances the o il- 
w ater p a rtitio n  coefficient is im portant w hile  for 
n on -lip id  soluble substances the m olecular size is 
im portant. Th is  presumes tw o perm eation path­
ways, one through the membrane which is basically 
lip id , and another through an aqueous channel. 
Th e  operational water filled channels in  membranes 
possess “ effective pore ra d ii”  of about 3.5 A . fo r red 
blood ce ll17 and nerve membranes,18 respectively. 
The nature of these “ pores” is not known b u t it  is 
believed th a t th ey are not d istinct structures.

(16) J. T. Davies, J. Phys. Chem., 54, 185 (1950).
(17) A. K. Solomon, J. Gen. Physiol., 43, 1 (1960).
(18) L. J. Mullins, ibid., 43, 105 (1960).
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There are several properties of m onolayers th at 
support the m onolayer membrane analogy. The 
first po in t in  common w ith  membranes is th a t there 
can be tw o modes of m onolayer penetration. One, 
w hich is dependent on m olecular size, is exhibited 
b y simple gases and has been discussed in  detail 
here. Th e  other mode is exhibited b y  larger mole­
cules and involves an actual penetration and in ­
corporation in to  the m onolayer. How ever, the 
strongest support fo r the m onolayer model is that 
functional pores w ill exist in  a membrane if  we as­
sume th at Ea and Eu of F ig . 2 have the same de­
pendence as in  the case of m onolayers. Le t us 
assume th a t eq. 8, w hich is a firs t approxim ation to 
the m onolayer energy barrier, is va lid  in  the case of 
membranes. W e can then calculate the value of /  
as a function of a0 and I I .

Since aQ can be set equal to 3.14r2, /  can be ex­
pressed as a function of r, the m olecular radius. 
Th e  value o f/a s a function of r  is p lotted fo r various 
values of I I  in  F ig . 3 (fo r a tem perature of 37°). 
Since the perm eability of the m onolayer to  the 
molecules is d ire ctly  proportional to  /, F ig . 3 gives 
the varia tion  of perm eability of a membrane w ith  
m olecular radius of the perm eant.

These curves are sim ilar to  curves describing the 
porous behavior of membranes and a curve at 5 <  
I I  <  10 dynes/cm . w ould give /  approxim ately 
equal to  zero at a pore radius of about 3.5 Á . H ow ­
ever, the calculations have ignored the more com­
plicated dependence of E  on I I  as given b y  eq. 9, so 
it  is not possible to  make any inferences about the 
surface pressure corresponding to  a pore radius of 3.5 
A . A c tu a lly  /  never equals zero because of the ex­
ponential factor, so there is not an absolute cut-off 
in  perm eability above a certain radius. T h is  raises 
the possib ility th a t membranes occasionally can let 
through larger molecules than pore size w ould pre­
dict.

The assumption th at membrane properties can 
be approxim ated b y  m onolayer properties has led 
to a m odel of a homogeneous membrane having 
functional pores. T h is  elim inates the need fo r a 
com plicated “ mosaic”  membrane (having lip id  and 
pore regions).

C . In teraction  of Chem icals w ith  M em branes 
and M onolayers.— -Keeping in  m ind the lim ita tions 
imposed b y  the com plex dependence of E on I I ,  
let us see the m ajor effects of variations in  I I  as­
suming eq. 8. F igure  3 shows that it  is possible to 
obtain re la tive ly  large changes in  perm eability b y 
sm all changes in  surface pressure. A n  increase in  I I  
decreases /  and vice versa. A lth ough  th is result 
would be expected in tu itiv e ly , F ig . 3 offers a fram e­
w ork fo r considering recent experim ents on m ono- 
layers as membrane models. F o r example, Skou19 
has found a correlation between the a b ility  to 
block nerve conduction and the a b ility  to raise the 
surface pressure of m onolayers of nerve lip id  ex­
tracts. Shanes20 has found th at certain compounds 
th at increase membrane perm eability also dissolve 
lip id  m onolayers and reduce the surface pressure. 
The parallelism  of the effects of both activators and

(19) J. C. Skou, Biochim. Biophys. Acto., 30, (525 (1958).
(20) A. M. Shanes and N. L. Gcrshfeld, J . Gen. Physiol., 44, 345 

(1900).

RADIUS OF FREE SURFACE AREA (A) .
Fig. 4.— Permeability differences between monolayers—- 

surface pressure vs. radius of free surface area.

inh ib itors on excitable membranes and th e ir effects 
on m onolayer surface pressure give strong support 
to the proposed m onolayer membrane analogy. 
F u rth er support comes from  the extensive investi­
gations of Schulm an and co-w orkers21 on sim ilar 
problems and the observed correlation between 
membrane and m onolayer properties.

D . Special Effects in  M em brane P erm eab ility. 
— Narcosis due to  chem ically in e rt substances 
such as nitrogen and the rare gases occurs in  liv in g  
systems. A lthough  the exact cause is not known, it  
is believed to  be due to some change in  membrane 
perm eability. Experim ents on m onolayers have 
shown th at an in ert substance such as water can 
affect m onolayer perm eability to  carbon dioxide 
and to other gases.10 The w ater molecules th at 
pass through the m onolayer collide non-selectively 
w ith  other molecules th at are attem pting to pass 
through. The net result is a decrease in  the flu x of 
molecules in  both directions. T h is  kind of process 
m ay be involved in  natural membranes when n itro ­
gen or rare gases are present in  high concentrations. 
The in ert molecules m ay interfere w ith  the carbon 
dioxide and oxygen and prevent them  from  crossing 
the membranes at th e ir norm al rates. Th e  effect is 
non-specific but the result is a bu ild -up  of carbon 
dioxide and waste products coupled w ith  a deficiency 
of oxygen and essential chemicals in  the cells.

The m onolayer model therefore is capable of ex­
p la in ing th is special case of membrane perm eability 
w ithout having to  postulate specialized structures 
or properties. ( I t  should be added th at th is effect 
m ay also be the basis fo r the action of a wide range 
of gaseous anesthetic agents.)

E . A  M olecu lar Basis fo r V a ria b ility  in  M em ­
brane P erm eab ility.— The surface isotherms for tw o 
constituents of plasma membranes, cholesterol and 
a lecith in , show th a t the cholesterol m onolayer is 
m uch less compressible. Octadecanol, w hich was 
used in  the m onolayer perm eation experim ents, is 
about as compressible as cholesterol but is m uch 
less permeable. T h is  is true because octadecanol 
and cholesterol differ considerably in  the free area 
th at is available in  the m onolayers. T o  show th is 
we can assume th at the area is ‘fu lly ” covered at

(21) J. If. Schulman, ct al., Progr. Biophys. and Biophys. Chcm., 5, 
41 (1955).
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I I  =  40 dyncs/cm ., lower I I  so th a t the m onolayer 
expands, and calculate a radius of the free surface 
area. F igure  4 gives a p lo t of these data fo r the 
three substances. The free areas are in  order leci­
th in  >  cholesterol >  octadecanol and the differ­
ences are quite pronounced. T h is  points up the d if­
ference in  the in trins ic  perm eabilities of m onolayers 
(the K  of eq. 9) of these three compounds when 
compared a t the same I I .

The varia tion  in  the perm eabilities of various 
membranes of the same basic structure and at the 
same surface pressure can be ascribed to  slight 
variations in  the constituents, i.e., the relative 
am ounts of cholesterol and lecith in . There is an

increasing am ount of evidence in  favor of th is idea. 
In  the case of red blood cells, fo r exam ple, van 
Deenan22 has offered an explanation fo r the va ria ­
tions in  red blood cell perm eability between species 
on the basis of the lecith in  and fa tty  acid content of 
the membrane. H is  more recent results23 have ex­
tended these ideas to a greater va rie ty  of mem­
branes. I t  therefore seems possible to  achieve an 
almost in fin ite  va rie ty  of membrane perm eability 
properties b y the varia tion  of the lip id  constituents 
in  the m onolayer model.

(22) J. de Gier and L. L. M. van Deenan, Biochim. Biophys. Acta, 
49, 286 (1961).

(23) J. H. Veerkamp, 1. Mulder, and L. L. M. van Deenan, ibid., 
57, 299 (1962).

MOLECULAR WEIGHT, LIMITING AREA, AND FLEXIBILITY OF 
UNIMOLECULAR LAYERS OF SERUM ALBUMIN AND ITS DERIVATIVES1

B y  M i t s u o  M u r a m a t s u  a n d  H a r r y  S o b o t k a  

Department of Chemistry, Mount Sinai Hospital, New York, N. Y.
Received March 12, 1962

Unimolecular layers of bovine serum albumin and a number of its derivatives have been studied with the use of H. J. 
Trurnit’s spreading technique. The influence of electrolytes upon the limiting area per molecule has been examined. Values 
for molecular weight and flexibility have been derived from the FA/F curve. The influence of acetylation of epsilon-amino 
groups and of phenolic hydroxyl groups and the coupling of the protein with diazo compounds modify the physical properties 
of the unimolecular layers; these changes are ascribed to changes in the steric and electrostatic pattern of the molecule.

Th e  determ ination of the physical properties of 
unim olecular layers of proteins had been lim ited  
b y  the em pirical character of spreading methods, 
w hich le ft experim entors in  a state of uncerta in ty 
about the completeness of spreading; w ith  some 
techniques an unknown part of the applied protein 
dissolved in  the hypophase, w ith  others some of the 
m aterial remained unspread and required a pro­
longed induction period fo r unfolding to constant 
area. Th e  spreading technique, recently devised 
b y T ru rn it ,2 3 is based on calculable, predictable 
conditions and on w ell considered dim ensions of 
the equipm ent. In  the fo llow ing we report on one 
of the first examples fo r the application of th is 
technique.

W e had studied the alteration of the properties 
of bovine serum album in upon its m odification b y 
coupling w ith  diazo compounds31-0 and had, in the 
course of th is w ork, been led to compare azo pro­
teins w ith  other chem ically m odified proteins. 
Thus, we had a num ber of B S A -d eriva tives of 
known com position available.

P rote in  m onolayers have been used in  the study 
of the mechanisms of biochem ical processes of 
enzym atic4 and im m unochem ical5 significance, also

(1) The experimental work was carried out with the support of 
Grant RG-4736 of U.S. Public Health Service.

(2) H. J. Trurnit, J. Colloid S c i 15, 1 (1960); H. Sobotka and 
H. J. Trurnit, “ Unimolecular Layers in Protein Analysis," in “ Labora­
tory Manual of Analytical Methods of Protein Chemistry," Eds.. P. 
Alexander and R. J. Block, Vol. 3, Pergamon Press, London, 1961, pp. 
212, 218.

(3) (a) H. Sobotka and A. V. Luisada-Opper, Ninth International
Colloquium on Protides of the Biological Fluids, Bruges, 1961, in press;
(b) M. Tabachnick and H. Sobotka, J. Biol. Chem., 234, 1726 (1959),
235, 1051 (1960); (c) A. V. Luisada-Opper, H. Sobotka, and J. D.
Chanley, ibid., 236, 2250 (1961).

in  the fields of muscle physio logy,6-7 carcinogenesis,8 
and hem olysis.9 The in terpretation  of the ob­
servations in  these subjects has much to  gain from  
advances in  the structura l knowledge of proteins. 
A s a first step an attem pt m ust be made to correlate 
the structure of native protein in  dissolved and 
crysta lline state. Investigations of the composi­
tion  and of the p rim ary structure, i.e., the se­
quence of the amino acids in  the protein  m olecule, 
have been carried out in  the dissolved state; the 
results have been confirmed and supplemented b y 
X -ra y  crysta llography, w hich has added valuable 
inform ation on the three-dim ensional configura­
tion  and constellation.

The spreading of proteins deprives them  of the 
p o ss ib ility of expanding in  the th ird  dim ension; 
thus, it  sim plifies the topological situation b y  ex­
cluding certain linkages occurring in  native pro­
teins; it  reduces structura l and configurational 
questions to such concepts as fle x ib ility  and distance 
between adjacent peptide chains, characteristics 
which depend on electrostatic and van der W aals 
forces and which express themselves in  the area per 
molecule. These properties m ay be influenced b y

(4) H. J. Trurnit, Arch. Biochem. Biophys., 47, 251 (1953); D. F. 
Cheesman and H. Schuller, J. Colloid Sci., 9, 113 (1954); L. G. Augen- 
stine, et al., J. Phys. Chem., 61, 1380, 1385 (1957); 62, 1231 (1958).

(5) S. J. Singer, J. Biol. Chem., 182, 189 (1950); S. McGavin and
K. Iball, Trans. Faraday Soc., 49, 984 (1953).

(6) A. Lajtha and E. K. Rideal, Arch. Biochem. Biophys., 
33, 252 (1951).

(7) D. F. Cheesman, J. Physiol., 116, 34P (1952).
(8) D. F. Cheesman, Biochem. J., 56, xlii (1954).
(9) J. H. Schulman and E. Iv. Rideal, Proc. Roy. Soc. (London), 

B122, 46 (1937); B. A. Pethica and J. H. Schulman, Biochem. J ., 53, 
177 (1953).
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the presence in  the hypophase of electrolytes and 
other polar substances.

M ethods and M ateria ls
Surface Balances.— The surface pressure and surface area 

in the gaseous region of the films was measured by a float- 
type torsion balance; we used a Kel-F (polytrifluoroethyl- 
ene) float of 0.05 mm. (2 mils) thickness and a torsion 
wire of phosphobronze of 0.1 mm. (4 mils) diameter. 
The accuracy of this balance was ±0.01 dyne/cm. For the 
determination of pressure and area in the condensed region, 
a Wilhelmy type of balance was used which permitted the 
estimation of pressures up to 40 dynes/cm. with an ac­
curacy of 0.1 dyne/cm. In both balances the readings were 
magnified by a lamp and scale system. The calibration of 
the pressure and the evaluation of the film area were carried 
out by conventional methods.

Protein Preparations.— Crystalline bovine serum albumin 
(BSA) was obtained from Armour Pharmaceutical Com­
pany. For reasons, given in our publications on azopro- 
.tern, 3 we blocked the epsilon-amino groups of the lysyl res­
idues by acetylation. This leads to acetyl bovine serum 
albumin, (N ,0)AcBSA, with acetyl groups bound to 96% of 
the 59 lysyl residues and to 89% of the phenol groups of the 
19 tyrosyl residues. By partial hydrolysis at pH 11.5, N- 
acetyl bovine serum albumin, NAcBSA, was prepared in 
which only the lysyl residues were acetylated. This com­
pound was coupled with diazotized p-aminobenzoic acid 
under conditions described elsewhere, 3 yielding azo-acetyl 
BSA, AzAcBSA. The sample used contained 8 monoazo- 
tyrosyl and 4 monoazohistidyl residues per molecule.

Spreading.— The water for the hypophase and for the 
protein solutions was distilled three times over alkaline 
permanganate in ground glass apparatus. The protein 
solutions, with or without additives, were dropped from a 
micropipet onto the hemispherical top of a glass rod, placed 
in the tray. The rod was 5 mm. in diameter and its top 
was 100 mm. above the surface of the hypophase. The 
dropping speed was adjusted so that, according to Trurnit’s 
calculation, less than 0.5%  of the protein escaped spreading.

The above method, using native proteins, leads to mono- 
layers which immediately assume a constant area; thus, the 
incidence of atmospheric contamination and fluctuations of 
temperature can be avoided, as one does not have to wait 
up to 24 hr. until the films are stabilized. Regardless of 
this advantage, the apparatus for the measurement in the 
gaseous region was placed in a chamber where the tempera­
ture was kept constant within ± 0 .0 1 °, and where dust was 
excluded.

Results

M easurem ents in  the Condensed Region.—
Figu re  1 illustrates the experim ental results for 
m onolayers of B S A  and (N ,0 )A c B S A , spread from  
aqueous solution upon a hypophase of water. 
Num erous experim ents were carried out to detect 
the effects of the tim e which elapsed between 
spreading and measurement, and of additives, such 
as potassium chloride and isoam yl alcohol. In  the 
case of these proteins no change w ith  tim e nor w ith  
the presence of electrolytes was observed in  the 
force/area measurements.

Th e  case of N -acetylated  B S A  is illustrated in  
F ig . 2. "When th is protein is spread from  aqueous 
solution, it  exhib its an induction period phenom­
enon; the film  expands in  the course of 2 and 4 
hr. to reach areas which are up to one-third larger 
than at tim e t =  0. T h is  induction period remains 
unaffected b y frequent compression and decom­
pression of the film . Th e  effect is elim inated and 
the larger and constant values fo r area m ay be 
im m ediately obtained, when the protein has been dis­
solved in  0.5 N  potassium  chloride solution. I t  is 
im m aterial whether the potassium  chloride o rig in ­
a lly  is contained in  the protein solution or in  the h y ­
pophase.
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Fig. 2.— Time dependence of F  ~  A curve for NAcBSA. 

Spreading medium water: t =  0 hr. O, t =  2 hr. A, t = 4 
hr. V. Spreading medium 0.5 N  KC1: t =  0 hr. •, t =
2 hr. A, t =  22 hr. X .

In d uction  is even more pronounced in  the case 
of m onolayers of A zA c B S A , as shown in  F ig . 3.
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Fig. 5.— “ --- ”  FA vs. F plot for gaseous monolayers of

BSA, O, and NAeBSA, A, spread from water, and “ ---------- ”
from BSA, •, and from NAeBSA, A, from KC1 solution 
(0.5 N).

Fig. 4.— F ~  A curve of monolayer of “ treated” BSA spread 
from water; t =  0 hr.

Spreading from  aqueous solution results in  a ve ry  
tig h tly  condensed m onolayer, w hich s low ly ex­
pands w ith  elapsing tim e. A d d itio n  of potassium 
chloride or sodium  chloride leads to  film s w ith  
much larger area. In  the presence of electrolytes 
the film  area is independent of the elapsed tim e. 
Again , the e lectro lyte m ay be present o rig in a lly  
in  the spreading solution or in  the hypophase or in  
both.

In  a separate experim ent we examined whether 
the synthetic procedures involved  in  acetylation 
and in  the subsequent h yd ro lysis  of the O -acetyl 
linkages were responsible fo r these changes. Bovine 
serum album in was subject to the same conditions

Fig. 6 .— FA vs. F plot for gaseous monolayers of (N ,0 )- 
AcBSA (circles) and AcAzBSA (triangles), spread from 
water (outlined symbols) and KC1 solution (0.5 N) (solid 
symbols).

as during acetylation, but in  the absence of acetic 
anhydride, and subsequently to  a lka li treatm ent at 
p H  11.5. A s  shown in  F ig . 4, the behavior of B S A  
m onolayers was not affected b y  th is treatm ent. 
Th e  difference in  the behavior between acetylated 
and native B S A  m ust be ascribed to  the actual 
presence of the acetyl groups.

M easurem ent in  the Gaseous R egion.— In  the 
gaseous region the measurements were carried out 
w ith  the flo a t-typ e  balance from  0.01 to 0.5 or 0.8 
dyne/cm . on fre sh ly prepared m onolayers. From  
the data obtained, one can estimate the m olecular
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T a b l e  I
L im it in g  A r e a , M o l e c u l a r  W e ig h t , an d  F l e x ib il it y  o p  M o d if ie d  B o v in e  Ser u m  A lbu m in  an d  D e r iv a t iv e s

Spreading
medium

T • • . - Film
molecular

weightm.2/mg. A.2/moIecule /o
flexibility

BSA Water 0.80 ±  0 .00 9,600 ±  700 65,000 ±  5,000 1.7
BSA KC1 (0.5 A ) o 00 yD H- o .0 1 1 0 ,1 0 0  ±  1 ,0 0 0 68,000  ±  6 ,000 1.7
NAcBSA KC1 (0.5 N ) 0.69 ±  0 .00 8,500 ±  500 74,000 ± 4 ,0 0 0 1.9
N,OAcBSA Water 0.85 ±  0. 02 10,400 ±  800 74,000 ±  4,000 2 .0
N,OAcBSA KC 1 (0 .5  a ; 0.85 ±  0. 02 10,400 ±  800 74,000 ±  4,000 1.9
AzAcBSA KC1 (0.5 A ) 1.05 ±  0. 05 12,900 ± 1 ,8 0 0 74,000 ±  7,000 1.3

weight of spreadable large molecules such as pro­
teins according to Bull.10

spread by conventional methods.6'11 Trurnit’s 
method saves waiting time and diminishes tedious

Th e  graph of FA as ordinate vs. F  as abscissa 
follow s a stra ight line w ith  a sligh t break around 
F  =  0.1 to  0.15 dyne/cm ., depending on film  mate­
ria l and spreading m ethod. Th e  tw o linear parts, 
d ivided b y  th is break, have been term ed b y  B u ll 
the A  and B  phases fo r the lower and higher pres­
sure regions, respectively. Based on analogy 
w ith  the three-dim ensional gas laws, B u ll demon­
strated th at the intercept of the phase A  portion  
of the curve w ith  the ordinate axis is inverse ly 
proportional to the m olecular w eight and perm its its 
calculation. In  practice the intercept of the curve 
on the y-axis  is obtained b y  the least square method, 
rather than b y geom etrical extrapolations; at the 
same tim e, the standard deviation is calculated.

Figures 5 and 6 contain the FA/F plots fo r the 
protein studied; Table  I  gives the values calculated 
fo r the m olecular weights. A s  in  the condensed 
region, ve ry  little  difference was noticed in  the case 
of B S A  and (N ,0 )A c B S A  between m onolayers 
spread from  aqueous solution and from  KC1 solu­
tion . W ith  N A c B S A  and A zA c B S A  such differ­
ences were caused b y  the nature of the spreading 
medium as in  the condensed region.

Discussion
In  experim ents w ith  protein  m onolayers, the 

most serious and troublesom e problem  is how to 
define the equ ilibrium  state, in  w hich protein  mole­
cules are considered to be com pletely unfolded. 
In  the present paper, we take as a crite rion  fo r com­
plete unfolding of polypeptide chains the fact 
th at the value F/A is independent of tim e. A im ing 
at a spreading m ethod, leading to quick equilibra­
tion , vce m ust consider tw o processes in  the fo r­
m ation of m onolayers: one is the process of ca rry­
ing a ll molecules from  bulk to surface, and the 
other is the unfolding of the ind ividu a l molecules. 
The form er process precede? the la tter, which takes 
place as a spontaneous reaction at the a ir-w a te r 
interface. Thus, satisfaction of the first condition 
suffices to a tta in  the “ real” equ ilibrium , but the 
rate at which equ ilibrium  is reached depends on the 
rate of unfolding.

In  the case of B S A  and (N ,0 )A c B S A , the un­
fo ld ing is instantaneous; thus the experim ental 
condition necessary to get tim e-independent m ono- 
layers is sim ply the adoption o f T ru rn it’s method. 
One needs neither to w a it fo r a long tim e, nor to add 
salt to the spreading solution nor the hypophase, 
factors being considered desirable and sometimes 
necessary to a tta in  equ ilibrium  of B S A  m onolayers

(10) II. B. Bull, J. Biol. Chem., 185, 27 (1950).

procedures to atta in  equilibrium  fo r m onolayers 
w ith ou t in tercurrent contam ination.

On the other hand, the results for N A c B S A  and 
A zA c B S A  show th at to  atta in  equ ilibrium , salt 
solution m ust be used in  these instances as the 
spreading medium, in  addition to adopting T ru r­
n it’s method. Th e  addition of isoam yl alcohol to 
the spreading solution, w ith  or w ithout salt, ex­
erted little  or no influence. A d d itio n  of salt to the 
hypophase proved to be necessary if  the protein 
was spread from  salt solution.

Th e  role of surface active substances, such as 
isoam yl alcohol, added to  the spreading solution, 
consists of increasing the spreading coefficient.6'12 
Th e  fa cilita tion  of spreading and unfolding of pro­
te in  molecules b y  salt solution was accounted fo r 
either b y  the sa lting-out effect13 or b y  the d im inu­
tion  of intram olecular cohesion, because of re­
duced electrostatic a ttraction  between ionizable 
groups.14 Thus, the sm aller lim itin g  area of m ono- 
layers of N A c B S A  and A zA c B S A , spread from  
aqueous solution, can be ascribed to the strong in ­
tram olecular attraction , which is weakened b y  the 
addition of electrolytes. Th e  role of salt in  the 
spreading solution m ust consist of fa c ilita tin g  the 
uncoiling of the protein  molecule b y  cancellation of 
ionic charges which cause intram olecular attrac­
tion .

T h is  typ e  of attraction , which m ay cause en­
tanglem ent of polypeptide chains, m ay even occur 
in  gaseous film s of N A c B S A  and A cA zB S A , if  they 
are spread from  aqueous medium w ithout salt, 
as shown in  F ig . 5 and 6. T h is  entanglem ent comes 
from  the essential nature of these proteins, not 
from  too high a surface concentration of the con­
densed film . The values of lim itin g  area, listed 
in  the th ird  colum n of Table  I ,  were obtained b y 
extrapolation of the linear part of the curve to the 
abscissa. T h e y  represent the m inim um  area at 
the state of closest packing as monom olecular 
layer and are expressed in  m .2/m g.

Le t us pay attention to the behavior of gaseous 
film s as shown in  F ig . 5 and 6. The linear re lation­
ships appearing in  these figures can be expressed as

FA =  A 0F +  K  (1)

where A 0 and K  denote slant and intercept on the
(11) J. S. Mitchell, Trans. Faraday Soc., 33, 1129 (1937); E. G. 

Cockbain and J. H. Schulman, ibid., 35, 1266 (1939).
(12) H. A. Dieu, Bull. soc. chim. Beiges, 65, 847 (1956).
(13) A. J. G. Allan and A. E. Alexander, Trans. Faraday Soc., 50, 

863 (1954).
(14) D. F. Cheesman and J. T. Davies, “ Advances in Protein 

Chemistry,”  Vol. 9, Academic Press, New York, N. Y., 1954. p. 439.
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ordinate, respectively. The fifth column of Table I 
shows the values for molecular weight, obtained by 
evaluation10 of K.  The increases of molecular 
weight by chemical modifications are not large in 
comparison with the limited sensitivity of our sur­
face balance. It should be noted that the values
65,000 ± 5,000, or 68,000 ± 6,000, for film molecu­
lar weight of BSA are in agreement with those ob­
tained by osmotic (mol. wt. 69,000),15 X-ray (65,- 
000),16 and sedimentation and diffusion studies 
(65,360).17 The calculation of limiting area in A.2/ 
molecule, which appears in the fourth column of 
Table I, is based on the film molecular weight listed 
in the fifth column. These values show that the 
molecule is not broken up by chemical modifica­
tions, although synthetic processes include quite 
rigorous conditions, including hydrolysis of the 
CH3CO-tyrosyl linkages at pH 11.5. The present 
results prove the non-breakage of the polypeptide 
backbone throughout the reactions BSA -> N,- 
OAcBSA -►  NAcBSA AzAcBSA under these 
synthetic conditions. This also is supported by 
the result illustrated in Fig. 4, which shows that the 
protein backbone is not affected under the condi­
tions of the synthetic procedures.

Two F  A / F  plots may intercept the ordinate 
at the same point, but show a different gradient. 
The identity of the intercepts yields identical 
molecular weights. The different values for the 
other parameter, the gradient, can be interpreted 
as indicators for the flexibility of the molecule. 
The concept of flexibility of unimolecular films of 
polymers has been developed by Singer18 and by 
Davies.19 Let A  l be the limiting area per mole­
cule, the limiting area per monomer, in our case 
the average area per amino acid residue, x  the 
number of amino acid residues in the protein, and 
z the “coordination number” in a two-dimen­
sional quasi-crystalline lattice set; F, A,  T, and 
R  have their conventional significance. Then

2
l  X  2 \ z a )

" ’ ( * - ! ■ ) }  <2>
according to Singer.18 B y  expanding formula 2, 
neglecting the higher terms, and assuming AL = 
(ilx, we tranform to

FA = ET+ f xRT{l -*^L ! }  (3)

an equation essentially the same as that proposed 
by Hotta.20

The subsequent transformation of eq. 3 leads to

FA = Alx {J  -  X- ~  • -1  F +  RT (4)
[ 2  x  z )

From eq. 4 and 1 one obtains
(15) G. Scatchard, A. C. Batehelder, and A. Brown, J. Am. Chem. 

Soc.. 6 8 , 2320 (1946).
(16) B. W. Low, ibid., 74, 4830 (1952).
(17) 3. M. Greeth, Biochem. J., 51, 10 (1952).
(18) S. J. Singer, J. Chem. Phys., 16, 872 (1948).
(19) J. T. Davies, Biochim. Biophys. A c t a , 11, 165 (1953).

2 X  A h

T h is  is the sim plest expression fo r the calculation 
o f the “ coordination num ber”  z, w hich in  tu rn  
gives the %  fle x ib ility  =  100 ( 2  —  2)/2 as defined 
b y D avies.19 Th e  values fo r fle x ib ility  are given  
in  the last colum n of Tab le  I .

Chem ical m odifications evid en tly affect the lim it­
ing area and the fle x ib ility  of B S A . F o r exam ple 
it  is p robab ly the attachm ent of the acetyl radical 
to  the ly s y l residues on N -a ce ty l B S A  (perpendicu­
la r to  the film  surface) which produces closer pack­
ing o f the film  and an increase in  its  fle x ib ility .

A ce tyla tio n  seems to  be responsible fo r de­
crease of the ionization of the epsilon-am ino groups21 
and resultant increase of the van der W aals attrac­
tion  of the ly s y l side chain; both factors, the 
decrease of ion ization  and the increase of cohesive 
forces, tend to  dim inish the hydroph ilic  character 
of the ly s y l side chain. I t  has been pointed o u t22 
th a t the h yd roph ilic  nature of the ly s y l chain is 
overwhelm ed at moderate pressure b y  the van  der 
W aals forces between the ly s y l side chains in  film s 
at an a ir-w a te r interface. The decrease in  polar­
it y  of the epsilon-am ino group, due to  its acetyla­
tion , also weakens the electrostatic in teraction 
w ith  negative residues in  the polypeptide chain, 
leading to  increased fle x ib ility . T h is  explanation 
agrees w ith  the observation23 th a t increasing form - 
yla tio n  of the ly s y l residues parallels increasing 
re a c tiv ity  of the protein  w ith  m etal ions; the elim ­
ination  of the positive charges of the epsilon-am ino 
groups liberates anionic residues in  th is loosening- 
up process.

A  larger lim itin g  area and additional increase in  
fle x ib ility  are observed as the results of acetylation 
of the h yd ro xy l groups in  the ty ro s y l residues, as 
compared to  m erely N -acetylated  B S A . Th e  
increm ent of lim itin g  area due to  O -acetylation , 
w hich is in  the neighborhood of 1800 A .2/molecule, 
can h a rd ly be ascribed to the additional space oc­
cupied b y  not more than 17 acetyl groups even if  
th ey are assumed to  be in  en tire ly horizonta l posi­
tion . The increase in  area m ust be due to the dis­
appearance of the O H -groups and the consequent 
rupture of hydrogen bonds.24 N ,0 -acetyla ted  B S A  
is evidently more loosely folded than N -acetylated  
B S A  w ith  fewer cross linkages b y  hydrogen bonds. 
T h is  also increases its  fle x ib ility .

Th e  coupling of a substantial portion  of the ty ro ­
s y l and h is tid y l residues w ith  diazotized p-am ino- 
benzoic acid results in  a substantial increase in 
lim itin g  area, a decrease in  fle x ib ility , and increased 
d ifficu lty  of unfolding the chains. Th e  interac­
tion  o f these new, re la tive ly unw ie ldy anionic 
groups w ith  positive residues is responsible fo r 
resistance to  uncoiling in  spreading. Th e  decrease

(20) H. Hotta, J. Colloid S c i., 9, 504 (1954).
(21) I. M. Klotz, Cold S p rin g  Harbor Sym p. Quant. B io l., 14, 97 

(1950).
(22) J. T. Davies, Biochem. J., 56, 509 (1954).
(23) M. Muramatsu and T. Sasaki, Radioisotopes (Tokyo), 7, 42

(1958) .
(24) T. Isemura and T. Yamashita, B u ll. Chem. Soc. Ja p a n ., 32, 1

(1959) .
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in  fle x ib ility  m ay be due to the same cause; be­
sides, the tw o arom atic groups of each azo structure 
m ay encumber the free movement of the polypep­
tide chain. I t  is quite lik e ly  th at the increase of 
negative charges b y coupling at the ty ro sy l residues 
does not affect the fle x ib ility  in  the same m anner 
as the decrease o f positive charges b y m odification 
of the ly s y l residues. F le x ib ility  w ill be affected 
b y nature, am ount, and position of the local charges 
rather than b y  the to ta l num ber of charges.

D IS C U S S IO N
F. M. F o w k e s  (Shell Development Company).—-The 

determination of molecular weights from the intercepts of

Fig. 5 and 6 is obviously very difficult because small experi­
mental errors at low pressures strongly influence the result. 
May I suggest you try the method I proposed very recently 
[J■ Phys. Chem., 66, 1185 (19G2)] by which molecular weights 
are obtained from the slope of a straight line plot in which 
all experimental points influence equally the calculated 
molecular weight.

M . M u r a m a t su .— The estimation of the intercept is of 
course apt to involve an error, if we extrapolate graphically. 
However, applying the least sc uares method to the straight 
part of the curve provides a good estimate of the curve’s 
inclination and permits a more accurate estimation of the 
intercept by calculation. As I have not yet read your paper, 
I have no way to apply your equation to our results.

FILM PENETRATION AND ADSORPTION. THE EFFECT OF VERATRINE 
AND PROCAINE ON THE DESORPTION KINETICS OF MONOLAYERS OF

MONOÖCTADECYL PHOSPHATE
B y  N o r m a n  L . G e r s h f e l d

National Institute of Arthritis and Metabolic Diseases, National Institutes of Health, Public Healh Seruice, U. S. Department of
Health, Education, and Welfare, Hethesda I f, Maryland 

Received March 2, 1962

At pH 7.2, monooctadecyl phosphate is slightly soluble in water, and thus its monolayers slowly desorb. The desorption 
process involves loss of film material and diffusion through an unstirred layer which is direcdy beneath the film. Subse­
quent loss to the bulk of the solution proceeds by convection currents. As the surface pressure is raised, the rate of de­
sorption decreases due to enhanced van der Waals interaction between the hydrocarbon chains of the monolayer. Veratrine 
(2 X 10“ *-2 X  10 -5  M ) speeds up the loss of film material from the surface by penetrating ,he hydrocarbon region of the 
oriented monolayer. Procaine at low concentrations (10 -4  M ) likewise increases the desorption rate by penetrating the 
ionic region of the monolayer, but at higher concentrations is adsorbed beneath the monolayer which slows down the de­
sorption process. Parallelism of this behavior with pharmacological activity of these drugs'is noted, and possible mecha­
nisms for their action at the cellular level are presented.

In troduction
P reviously published papers1-4 have suggested 

relationships between pharm acological actions of 
drugs and th e ir interactions w ith  m onolayers. 
The nature of these interactions, however, could 
not be com pletely elucidated: it  remained un­
decided whether the drugs penetrate in to  the 
m onolayer or are adsorbed underneath them . I t  is 
the purpose of th is paper to  describe a system  which 
appears to  give a clearer d istinction  between film  
penetration and adsorption, and w hich departs 
from  the conventional equilibrium  systems pre­
v io u s ly used to  study m onolayer-d rug interactions.

Th e  kinetics of desorption of m onooctadecyl 
phosphate m onolayers on w ater, first in  the absence 
and then in  the presence of drugs in  the substrate, 
was investigated w ith  a view  tow ard com pleting 
our understanding of the nature of the m on olayer- 
drug interactions. Tw o  drugs, veratrine and pro­
caine, were chosen to demonstrate these interac­
tions because both affect the ionic perm eabilities 
of cells, although in  m arkedly d ifferent w ays.6 B y  
understanding the mechanisms whereby each of 
these drugs interacts w ith  the m onolayer it  m ay

(1) E. Kimoto, Kyushu Mem. Med. Set., 4, 35 (1953); 4, 165
(1953) .

(2) J. C. Skou, Acta Pharmacol. Toxicol., 10, 317 (1954); 10, 325
(1954) .

(3) N. L. Gershfeld and A. M. Shanes, Science, 129, 1427 (1959).
(4) A. M. Shanes and N. L. Gershfeld, J. Gen. Physiol., 44, 345 

(1900).
(5) A. M. Shanes, Ann. N. Y. Acad. Sci., 55, 1 (1952).

also be possible to  increase our knowledge of the 
action of these drugs on cellu lar processes.

Experim ental
A. Materials. Monooctadecyl phosphate was isolated 

from a mixture of the di- and monoalkyl phosphate by re­
peated extractions with ether of the more soluble mono­
alkyl phosphate; the monophosphate was recrystallized 
from hot cyclohexane; m.p. 86.5-86 ° . 6

Benzene and methanol (A . R. grade) were each perco­
lated through a column of F orisil and silica gel to remove 
surface active contaminants. Solutions of monooctadecyl 
phosphate in a mixture of benzene and methanol (2 0 : 1 ) 
were used to spread monolayers on the buffered substrates.

Buffered solutions were prepared with NaH2P 0 4-H20  
(Fisher certified reagent) in distilled water, titrating with 
N aO H topH 7.2; total phosphate was 2 X  10_ 3Af.

Procaine (Gaine and Ingram, U.S.P.) and veratrine 
(Penick and Co.) were used without further purification. 
Procaine was dissolved direct y in distilled water; veratrine, 
which is only slightly soluble in water, was first dissolved 
in a small volume of 0.1 N  HC1, neutralized with 0.1 N 
NaOH, and then added to the buffered distilled water.

B. Method.— Monooctadecyl phosphate films were 
spread from the benzene-methanol solution onto the surface 
of the aqueous phase bufferec. to pH 7.2, first in the absence 
of drugs and then with either drug present in the substrate. 
A commercial Langmuir-type film balance was used to 
measure surface pressures. The tray was heavily coated 
with paraffin and the float assembly was modified with poly­
ethylene end-loops and an aluminum float coated with a thin 
layer of Teflon. The movaole barrier was propelled by a 
screw-drive shaft manipulated from the outside of the Lucite 
box which covered the film balance. The areas at which the 
films were spread were always about 20-50%  greater than

(6) This sample was provided by Dr. Robert Fox, whose contribu­
tion is gratefully acknowledged. The method of separation was sug­
gested by Dr. H. Fales.
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the area producing the desired surface pressure. The ki­
netics of film dissolution was followed at constant surface 
pressure by decreasing the film area and observing the 
changes in area as a function of time. Zero time was con­
sidered as the time when the first drops of film-forming solu­
tion were spread on the substrate. The film was compressed 
to the area necessary to produce the desired surface pressure 
(this compression took about 40 sec.); the first area reading 
was taken at l min. Each set of observations was performed 
with a fresh substrate to eliminate contamination by pre­
viously dissolved film material. Duplicate runs gave good 
agreement (less than 3%  variability). All solutions were 
kept at 25° for 1  hr. before their addition to the film balance. 
The temperature in all experiments was 25 ±  0.5°.

R esults and D iscussion
A . K inetics of Desorption of M onooctadecyl 

Phosphate M onolayers.— O ctadecyl phosphate 
m onolayers are s lig h tly  soluble in  w ater above 
p H  6 and consequently unstable.7 I f  the film s on 
w ater are kept at constant surface pressure (F), 
and the logarithm  of the area (A ) p lotted  as a func­
tion  of tim e, an in itia l variable rate is observed 
w hich, after 15-20 m in., becomes constant (F ig . 
1 A). T e r M inassian-Saraga8 discussed the desorp­
tion  process of sim ilar systems and found th a t the 
rate could be interpreted b y  a tw o-step process;
(a) the desorption of the film  molecules from  the 
surface in to , and (b) diffusion through, the th in  
unstirred water layer which exists beneath the film ; 
in  the bulk of the substrate m ixin g  occurs b y  con­
vection currents. Accord ing to  th is model, the 
in itia l rate of desorption can be represented b y the 
equation

- d i n  A  _
d y/t ( 1 )

where A  is the film  area, lb; is a constant and a 
function of D, the diffusion constant, and Kd, the 
desorption coefficient.8 A  steady-state arises when 
a constant concentration gradient of desorbed film  
molecules exists in  the unstirred layer, i.e., when 
the rate at w hich the film  molecules enter the un­
stirred la ye r equals th e ir rate of rem oval b y  con­
vection currents to  the bulk of the substrate. The 
rate equation m ay then be represented b y

—  d In A  
df

=  K (2 )

where ka is a constant and a function of D, K d, and 
e, the thickness of the unstirred layer. From  the 
ra tio  of the slopes

K  _  ~\AD
li  ~  2 e (3)

the diffusion coefficient of the film  m aterial m ay be 
estim ated. F igu re  1 (A  and B ) demonstrates the 
va lid ity  of eq. 1 and 2 fo r film s of m onooctadecyl 
phosphate. Values of ka m ay be obtained from  the 
slopes of the linear portions of the rate curves fo r 
times greater than 15-20 m in. P lo ts of the in itia l 
portion of the rate curves as a function of \/t (F ig . 
IB )  give constant slopes from  w hich k\ m ay be 
calculated.

(7) H. C. Parreira and B. A. Petliica, “ Proc. 2nd Int. Congress of 
Surface Activity,”  Academic Press, New York, N. Y., Vol. I, 1907, 
p. 4 4 .

(8) L. Ter Minassian-Saraga, J. chim. phys., 62, 181 (1955).

t , MINUTES. A ,  MINUTES V

Fig. 1 .— Desorption kinetics at constant surface pressure 
of monooctadecyl phosphate monolayers on water, pH 7.2: 
(A) d(log A)/6t plot for the complete curve; (B) d (log A)/ 
Ay/~t plot for the initial variable portion of the rate curve.

Fig. 2.— Comparison of the initial and steady-state rates 
of the desorption process of monooctadecyl phosphate mono- 
layers: A, rate constants k\ and k, as a function of surface 
pressure F; B, ratios ka/k\ as a function of F. Length of 
lines at each point represents limits of values obtained for 
duplicate runs.

Since k\ reflects the process of loss of film  m ate­
ria l from  the surface, conditions which a lter fc; 
should be ind icative  of changes in  the energy bar­
riers involved in  the transfer of molecules from  the 
film  to the unstirred layer. T h a t such is the case 
can be seen in  F ig . 2A, where k\ is p lotted as a func­
tion  of the surface pressure. W ith  increasing sur­
face pressure, ki decreases. Since m onolayers of 
octadecyl phosphate form  condensed film s7 at high 
surface pressures, it  is reasonable to  a ttribu te  the 
declining rate of desorption to  the adlineation of 
the hydrocarbon chains w ith  a concom itant in ­
crease in  van der W aals forces. Th e  resulting in ­
crease in  film  s ta b ility  arises from  the m utual in te r­
action between the chains. Th e  values of ka 
parallel those of kj over the range of surface pres­
sures studied; the ratios kjk\ are essentially in ­
dependent of the surface pressures (F ig . 2B) as 
predicted b y eq. 3. The value of k jk ?  is 0.106 
±  0.002 m in .-'/!.
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B. Procaine and its Effect on the Kinetics of 
Film Desorption.— Procaine, o n ly s lig h tly  surface 
active at p H  7.2, contains a te rtia ry  a liphatic 
amino group, pK & =  9.05,15 w hich is alm ost com­
p lete ly ionized at p H  7.2, and an arom atic amino 
group, pK & =  2.2,10 w hich is essentially uncharged 
at th is p H . Because of the presence of these tw o 
h ydroph ilic  amino groups at either end of the mole­
cule, procaine is lik e ly  to  be adsorbed in  a horizontal 
orientation in  the a ir-w a te r in terface.11-12

W hen procaine is present in  the substrate, the 
rate curves fo r m onooctadecyl phosphate desorp­
tion  reta in  the same tim e relations th at exist in  the 
absence of drug, i.e., an in itia l variable rate, fo l­
lowed b y a linear steady state rate (F ig . 3). A s 
the concentration of procaine in  the substrate is 
decreased, the rate of film  desorption is increased 
(F ig . 3 A ). Furtherm ore, in  the presence of 10-3 M 
procaine, an increase in  the surface pressure in ­
creases the rate at w hich the desorption takes place 
(F ig . 3B), con tra ry to  the behavior of the phos­
phate film s alone. The fact th at an interaction 
between the film  and procaine has occurred is 
shown b y a large increase in  surface pressures at 
film  areas where neither the m onooctadecyl phos­
phate nor the procaine solution alone appreciably 
change the surface tension of the substrate. F o r 
example, in  the absence of drug, no surface pres­
sures were recorded above 40 A .2 fo r the m ono- 
layer and even at a concentration of 5 X  10-8 M  
procaine, the surface tension of w ater was reduced 
on ly about 0.5 dyne/cm .4 Since there is a large 
increase in  film  area w ith  procaine in  the substrate 
some type  of film  penetration occurs. W hether 
the penetration is th a t of the interposition of 
procaine between the hydrocarbon chains, or o n ly 
between the phosphate groups, is clarified in  F ig . 4. 
T h is  figure shows plots of the film  areas (A )  ob­
tained b y extrapolating the in itia l portion  of the 
rate curves to  \/t =  0 (th a t is, the equilibrium  
areas the film  w ould occupy in  the absence of de­
sorption) as a function  of surface pressure (F). 
Curve 1, F ig . 4 shows the results fo r the phosphate 
film  in  the absence of drug and is typ ica l of the be­
havior of a condensed film 12; the lim itin g  area at F 
=  0 is 29 A .2, in  good agreement w ith  previous re­
sults.7 W ith  increasing procaine concentrations, 
the lim itin g  film  areas fo r the condensed regions of 
the F - A  curves increase from  about 30 A .2 fo r 10~4 
M  procaine to  95 and 100 A .2 fo r 10-3 and 5 X  10-3 
M  procaine, respectively. In  effect, the lim itin g  
area of about 100 A .2 appears to  approach the upper 
lim it fo r the saturation of the phosphate film  b y 
procaine; th is suggests th at the interaction of pro­
caine w ith  the film  molecules is governed b y  stoi­
chiom etric considerations. Since the area oc­
cupied b y  a molecule of m onooctadecyl phosphate 
is 29 A .2 (assuming th a t the a lk y l phosphate is

(9) If a thickness of 1 mm. for the unstirred layer is assumed,8 from 
eq. 3 D ~  2 X 10 ~6 cm.2/sec.

(10) I. M. Kolthoff, Biochem. Z., 162, 289 (1925).
(11) This is further confirmed by the fact that F -A  curves calcu­

lated from y—C observations of procaine solutions at pH 7.2,4 indicate 
that procaine monolayers are gaseous.12 N. L. Gershfeld, unpublished 
results.

(12) N. K. Adam, “ The Physics and Chemistry of Surfaces,”  Third 
Ed., Oxford University Press, London. 1941.

Fig. 3.— The effect of procaine on the desorption kinetics 
at constant surface pressure of monooctadecyl phosphate 
monolayers: A, effect of varying procaine concentration,
constant surface pressure, F =  12 dynes/cm. ; B, effect of 
surface pressure, procaine concentration 10-3  M. Ordinate 
is film areas divided by initial number of film molecules.

Fig. 4.— The effect of procaine on the F -A  curves of 
monooctadecyl phosphate monolayers in the absence of de­
sorption. Areas obtained by extrapolating d log A/Ay/l 
curves to y/t =  0 .

essentially in a vertical orientation when F  >  4 
dynes/cm.), the area which remains is occupied by 
procaine (100 — 29 =  71 A.2) at the saturation 
limit of the film. This area, 71 A.2, almost coin­
cides with that occupied by a molecule of procaine 
oriented horizontally at the air-water interface, 
i.e., 67 A.2,4 which leads to the conclusion that at
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Fig. 5.—The effect of procaine on the rate constant hi, for 
the initial step in the desorption of monooctadecyl phosphate 
monolayers, as a function of surface pressure, F.

divided by initial number of film molecules.

saturation the a lk yl phosphate and procaine form  
an equim olar m ixed film . T h is  strongly suggests 
that procaine penetrates o n ly in to  the ionic 
region of the m onolayer. Separation of the 
phosphate groups in  the m onolayer prevents the 
close packing of the hydrocarbon chains in  the film  
and causes a decrease in the energy barrier fo r film  
desorption. The resulting structure is a loosely 
packed m onolayer as is also indicated b y  the fla t 
portion  of curve 2, F ig . 4. I t  has been found th at 
loosely packed film s of lauric acid also desorb more 
ra p id ly  at h igher surface pressures than at lower 
ones.8

I f  film  penetration were the o n ly process in ­
vo lved in  the procaine-film  interaction, then one 
w ould expect an increase of the rate of film  de­
sorption w ith  increasing drug concentration, rather 
than the decrease actua lly observed. T o  account 
fo r these findings it  is necessary to propose a second­
a ry, non-specific adsorption b y procaine beneath 
the m onolayer. As the concentration of procaine 
in  the substrate increases, the saturation po in t for 
procaine in  the film  is approached and the non­
specific process of adsorption at the lower surface 
of the film  becomes more prom inent. The la tte r 
effect acts to reduce the rate of desorption, perhaps 
b y form ing a diffusion barrier beneath the m ixed 
film .13

In  F ig . 5, the values of k\ fo r the a lk y l phosphate 
film -procaine system  are p lotted against the sur­
face pressure; the results summarize the effects of 
th is drug on the desorption process. In  addition, 
we find fo r a procaine concentration of 10-4 M  
that the in itia l rate constant a t 8 dynes/cm. is in ­
creased about fivefold  over the value observed for 
the film  in  the absence of drug, and the rate of 
desorption is s till higher when the surface pressure 
is raised to  12 dynes/cm . Above 16 dynes/cm ., 
however, the rate constant decreases sharp ly to a 
value m uch closer to that of the drug-free system. 
T h is  last effect coincides w ith  the sharp rise in 
surface pressure observed in  curve 2, F ig . 4, at 
areas below 30 A .2, which indicates th at o n ly a 
small am ount of procaine can penetrate the 
m onolayer. T h is  fact is also shown b y the ob­
servation in  F ig . 5 (see above) th at the rate of de­
sorption does not fa ll to  the value expected fo r the 
drug-free system  even at low  drug concentrations 
(10~4 M) and high surface pressures (24 dynes/ 
cm .).

The values of ka generally parallel the k\ values; 
the mean ra tio  fo r a ll the observations is 0.116 ±  
0.017 m in.~ ,/!, ind icating th at the diffusion coef­
ficient for the a lk y l phosphate remains essentially 
unchanged.

C. The Effect of Veratrine on the Desorption 
Kinetics.— Th e alkaloid veratrine is h igh ly  surface- 
active3'14; like procaine, it  has a te rtia ry  amino 
group, pKa =  8.85,10 w hich is almost com pletely 
ionized at p H  7.2. F-A  curves of veratrine m ono- 
layers indicate th at at surface pressures of about 7 
dynes/cm. the m ajor axis of the molecule assumes 
a ve rtica l orientation at the a ir-w a te r interface; 
m onolayer collapse occurs at about 10 dynes/cm .14

Like  procaine, veratrine at ve ry  low  concentra­
tions (2 X  10-6 — 2 X  10-5 M) interacts w ith  the 
phosphate m onolayer and penetrates the film , 
as indicated b y the higher in itia l areas observed 
w ith  increasing veratrine concentration (F ig . 6 A). 
A t  concentrations of drug below 5 X  10 ~G M, in ­
stead of a continuous decline of the area w ith  tim e, 
there appears at first a tim e-dependent increase 
of the film  area, w hich is especially pronounced at 
the lower surface pressures (F ig . 6 B ). T h is  tim e- 
dependent increase in  area is consistent w ith  the

(13) E. G. Cockbain and J. H. Schulman, Trans. Faraday Soc., 35, 
716 (1939), report that the stability of amine monolayers also is in­
creased when benzoic acid is adsorbed beneath the film as evidenced 
by an increase in the collapse pressure.

(14) N. L. Gershfeld, Biochim. Biophys. Acta, 42, 282 (1960).
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idea th a t veratrine penetrates in to  the hyd ro ­
carbon portion  as w ell as the ionic region of the 
m onolayer. 16 F ilm  penetration probab ly also is 
facilita ted  b y  the fact th a t veratrine can orient it ­
self v e rtic a lly 14  w ith  its  b u lk y  non-ionic m oiety in  
the m onolayer. One w ould expect penetration 
in to  the lip id  to  be dim inished as the hydrocarbon 
chain adlineation increases when the surface pres­
sure increases, and indeed, th is actua lly is observed 
(F ig . 6 B ). W hen the concentration of veratrine is
7.5 X  10~ 6 M, the m axim um  in  the rate curve dis­
appears (F ig . 6 A , curve 5). In  th is case the rate 
of penetration is increased, presum ably due to  the 
higher concentration gradient of the drug; pene­
tra tion  is essentially completed before the first 
measurement at one m inute is taken.

The penetration in to  the film  obscures the in itia l 
portion  of the desorption curve; consequently it  
is necessary to  examine the steady-state portion  of 
the curve to  see the effect of veratrine on the rate of 
desorption. Since the values of ka parallel k\ fo r 
both the drug-free system  and the procaine system 
(see F ig . 2 and section B ), it  is a reasonable as­
sum ption th a t the results found fo r ka in  the vera­
trine system  w ill be applicable to  the values one 
w ould observe of hx, if  the la tte r were uncom plicated 
b y the penetration effect.

The values of ks fo r the phosphate film -ve ra trin e  
system  were obtained from  the linear portions of 
the rate curve, usually 45 m in. after the sta rt of the 
experim ent (F ig . 6 B ). The results are p lotted  in  
F ig . 7, which shows th at veratrine at a concentra­
tion  of 2  X  10 ~ 6 M  raises the rate of a lk y l phos­
phate desorption; as the surface pressure increases, 
however, the rate constant decreases and ap­
proaches the value observed fo r the drug-free sys­
tem . I f  the drug concentration is raised to  2 X  
10-6 M, the rate constant fo r film  desorption is in ­
creased s till fu rth e r (F ig . 7).

Th us film  penetration b y veratrine disrupts the 
lateral cohesive forces w hich exist between the 
oriented hydrocarbon chains, thereby increasing the 
rate of film  desorption. A s the surface pressure 
of the film  is increased the energy barrier fo r pene­
tra tion  is elevated, thus reducing the am ount of 
veratrine in  the film ; consequently the desorption 
rate of the film  is dim inished.

I t  appears th a t the concentration of veratrine in 
the film  is not lim ited  b y stoichiom etry as in  the 
case of procaine; the rate of film  desorption con­
tinues to  increase w ith  the concentration of drug. 
Presum ably th is phenomenon is related to the 
m uch higher su rface -activity of veratrine com­
pared to  th a t of procaine . 4 ’ 16

In  sum m ary, then, veratrine penetrates in to  the 
lip id  region of the m onolayer “ palisade”  due (a) to 
the high surface a c tiv ity  of the drug and (b ) to its  
a b ility  to  orient itse lf ve rtic a lly  in  the a ir-w a te r

(15) J. H. Sehulman and E. K. Rideal, Proc. Roy. Soc. (London), 
B122, 29 (1937).

(16) The upper limit for the amount of veratrine in the surface film is 
probably governed by the solubility of the drug in the substrate.

(17) The interaction between the ionic groups of the film and drug is 
important but not a necessary condition for film penetration, because 
film penetration by veratrine has also been observed with monolayers 
of n-octadecanol and methyl stearate. (N. L. Gershfeld, unpublished 
results.)
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Fig. 7.—-The effect of veratrine on the rate constant k „  for 
the steady state desorpt on of monooctadeeyl phosphate 
monolayers, as a function of surface pressure, F.

interface . 17 Procaine, on the other hand, pene­
trates o n ly  in to  the ionic region of the m onolayer, 
and as the drug concentration is increased, the 
ionic sites in  the film  are saturated. Th e  in te r­
action between the ionic groups in  the film  and the 
ionic and polar groups of the drug are the essential 
factors fo r determ ining the properties of th is sys­
tem . F o r example it  has been found th a t procaine 
does not penetrate uncharged m onolayers of n- 
octadecyl alcohol and m ethyl stearate . 18 A t  
higher concentrations, procaine is adsorbed beneath 
the surface film .

The cell membrane, w hich controls the movement 
of ions across the cell, has been described as a b i- 
m olecular lip id  film  which is stabilized b y  a protein 
netw ork . 19 The use of m onooctadeeyl phosphate 
m onolayers is an attem pt to  sim ulate the phos­
pholip id  components o: the membrane, and to  dem­
onstrate drug interactions in  a simple system  which 
m ay also have some analogy w ith  the interactions 
of the drugs w ith  the cell membrane. F o r ex­
ample, veratrine 5 and low  concentrations of 
procaine20- 2 1 both increase the ionic perm eability 
of cell membranes; th ey also d isrupt the a lk y l 
phosphate m onolayers b y  film  penetration. P ro ­
caine at higher concentrations counteracts stim uli 
w hich cause increases in  ionic perm eability of cell 
membranes, 2 1 w hile in  the a lk y l phosphate m ono- 
layer it  counteracts film  in s ta b ility . Thus, these 
parallels in  behavior b y  the cell membrane and the 
m onolayer w ith  respect to  drug action suggest th a t 
these drugs, w hich cause a general increase in  ionic 
perm eabilities, exert th e ir effects b y  penetrating 
the membrane. In  contrast local anesthetics like 
procaine are active b y  being adsorbed a t the sur­
face of the membrane .'12
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(18) N. L. Gershfeld, unpublished results.
(19) J. D. Robertson, in “ Progress in Biophysics,”  Vol. 10, J. A. V. 

Butler and B. Katz (eds.) Pergamon Press Ltd., London, 1960, p. 343.
(20) T. Sollmann, “ A Manual of Pharmacology," 8th Edition, 

W. B. Saunders Co., Philadelphia, Pa., 1957, p. 332.
(21) G. P. Child, Federation Proc., 8, 281 (1949).
(22) L. Pauling, Science, 1S4, 15 (1961), has suggested a similar 

mechanism for the action of physical narcotics which behave like pro­
caine, at the higher concentrations, on nerve cells.
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MOLECULAR INTERACTIONS BETWEEN PHOSPHOLIPIDS AND SALTS 
AT AIR AND LIQUID-LIQUID INTERFACES
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The duplex film method has been used in the understanding of the interaction between polyvalent salts and cephalin at the 
water/oil interface. Contraction, expansion, and surface pressure increases of cephalin monolayers by injection of calcium 
ions into the subphase and the pH change of cephalin emulsions by addition of neutral salts have been investigated. This 
interaction appears to be dependent on: ( 1 ) the valency of the salts, and (2 ) the penetration of n.-hexadecane into the mixed 
alkyl alcohol/cephalin monolayer.

In troduction
I t  has been shown1’2 th at the ionic transport 

across either permeable, im perm eable, or d iffusion- 
blocked non-aqueous liq u id  membranes can be 
prom oted b y the addition  of suitable phospholipids 
(cephalin or lecith in  at the appropriate p H ) in  the 
o il phase. T h is  mechanism was explained as an 
independent cation ic-an ion ic exchange a t the two 
liq u id / liq u id  interfaces. In  order to elucidate the 
m onolayer-sa lt in teraction at the o il/w ater in te r­
face, the duplex film  m ethod was applied. The 
uniqueness of the duplex film  m ethod3 is th a t it  
measures d ire c tly  the force-area per m olecule iso­
therm  at the liq u id /liq u id  interface. T h is  perm its 
the d irect study of the interaction between the d if­
ferent “ o il”  molecules and the m onlayer. Th is  
in teraction  is the measurement of the penetration 
of the “ o il”  molecules in to  the m onolayer even 
under conditions of negative in terfacia l tension. 
T h is  “ negative in terfacia l tension”  (y ;) occurs 
when the surface pressure of the in terfacia l film  
( x 0/w ) is greater than the o il/w ater in terfacial 
tension (yo/w); when 7ro/w >  y o/w

T i — To/w 7To/w (1 )

In  the case of a duplex film 3

Y i T a/ w yo/a Urn — yo/w TTolw (2)

where y a/w is the surface tension of the air/w ater 
interface, y 0/a is the o il/a ir surface tension, and 
7rm is the measured spreading pressure of the du­
plex film . O il layers from  100 to 350 A . th ick  were 
found convenient; under these conditions all 
the am phipatic molecules are present at the liqu id/ 
liq u id  interface.

Th e  case of an insoluble liq u id  m onolayer of a 
liq u id  compound at its  collapse pressure (7r0) can 
be considered as a duplex film  one molecule th ick. 
I f  eq. 2 is applied for d ifferent compounds, it  is 
found th a t irc is identical to x m at the collapse 
pressure. The measured o il/w ater in terfacia l ten­
sion ( y ;) is equal to y a/w —  y Q/a —  ttc. A ll are 
measurable term s fo r d ifferent compounds and 
duplex film  m ixtures. So, it  can be concluded 
th a t the liqu id  m onolayer a t the collapse pressure

(1) J. H. Schulman and H. L. Rosano, “ Retardation of Evapora­
tion by Monolayers,”  Academic Press Inc., New York, N. Y., 1962; 
Third Int. Congr. Surface Activity, Cologne, II , 112 (1960).

(2) H. L. Rosano, P. Duby, and .1. H. Schulman, J. Phys. Chem., 
65, 1704 (1961).

(3) J. H. Schulman and .L B. Montagne, Ann. ¿V. Y. Acad. Sci., 92, 
366 (1.961).

is equivalent to a duplex film  where the “ o il phase” 
corresponds to the hydrocarbon portion  of the mole­
cules, w ith  an “ independent” o il/a ir tension, and a 
w ater/oil in terfacia l pressure due to the polar groups 
of the molecules. T h is  was indicated theoretica lly 
long ago b y  Langm uir. A t  the collapse pressure, 
lenses w ill form  if  the sum of the in terfacia l tension 
and the o il/a ir surface tension of the liqu id  com­
pound is equal to  or greater than the surface tension 
of the “ o il phase” as described above. B y  addi­
tion  of a suitable o il w ith  a lower surface tension 
than th is “ o il phase,” spreading w ill proceed. Th is  
results in  the form ation of a duplex film . E xp e ri­
m entally, i t  has been shown3 th a t under these 
conditions of surface w etting, hydrocarbon mole­
cules w ill penetrate in to  the m onolayer above its 
collapse pressure ( t c ) .

T o  illustra te  the concept of the duplex film  
m ethod, several examples are given. F o r the case 
of an oleic acid m onolayer and drop: y , =  12 
dynes/cm .; y o/w =  42 dynes/cm . (b y  considering 
the hydrocarbon portion of the m olecule as the o il 
phase sim ilar to a C ,6 hydrocarbon); ya/w =  72 
dynes/cm .; yo/a =  29 dynes/cm. (surface tension 
of a Ci6 hydrocarbon); 7ro/w, in terfacia l surface 
pressure; and 7rc =  31 dynes/cm . collapse pressure 
of the oleic acid m onolayer (25°).

B y  substitu ting 7rc for 7rm in  eq. 2 a ll the terms 
balance, 12 =  42 —  7r0/w =  72 —  29 —  31, ju s tify ­
ing the assumption th at at the collapse pressure 
the m onolayer is a separate two-dim ension liq u id  
phase.

F o r n -o c ty l alcohol: y ; =  7.7 dynes/cm .;
y 0/w n-octane =  50 dynes/cm .; ya/w =  71.2 dynes/ 
cm .; y o/a =  27.5 dynes/cm .; 7rc =  36 dynes/cm . 
(a t 30°). Equation  2 becomes: 7.7 =  50 —  ir0,w 
=  71.2 — 27.5 —  36, which balances perfectly.

F o r the case of the cephalin duplex system  de­
scribed in th is paper (a t 30°: x c =  42 dynes/cm . 
(F ig . 2 )); y i ~  0 dyne/cm .; y 0/w =  7.0 dynes/ 
cm. (30%  pentanol, 70% hexadeca-ne); y a/w =
71.2 dynes/cm .; y 0/a =  28.5 dynes/cm . (30% 
pentanol, 70% hexadecane). B y  substitu ting in  
eq. 2 th is balances w ith in  experim ental error: 
0 =  7 —  7r0/w =  71.2 —  28.5 —  42. Th is  case is 
interesting in  th at ir0/w =  y o/w =  7 dynes/cm ., 
w hich is the condition fo r spontaneous em ulsifica­
tion . The interface holds together ow ing to the 
superimposed tension yo/a (28.5 dynes/cm ., 30% 
pentanol, 70% n-hexadecane) resulting in  an over­
all positive tension.

Cases for 7ro/w >  y 0/w have been discussed b y
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Schulm an and M ontague.3 Th is  results in  m icro- 
emulsion form ation and is the adopted definition 
of negative in terfacia l tension.

The surface tension of a 0.01 M  cephalin-30%  
1-pentanol, 70% rt-octane solution is 20.3 dynes/ 
cm. (at 30°); the in terfacia l tension 7 * ~  0 dyne/ 
cm .; so, the sum of these tw o tensions is sm aller 
than the surface tension of the cephalin hyd ro ­
carbon (28.5 dynes/cm .). Th e  d irect consequence 
is surface spreading and the form ation of a duplex 
film . Th is  is in  contrast to the case of the oleic 
acid quoted above. The duplex film  method per­
m its quantita tive  results to be made of the condi­
tions fo r in teraction between calcium  and magnes­
ium  ions w ith  phospholipid m onolayers.

Previous w ork has never been able to distinguish 
between the different in terfacia l structures (m ono- 
layer, emulsion, or suspension) of the phospholipid 
molecules and their reactivities w ith  ions, charged 
colloids, and b io log ica lly active substances. Th is  
w ork possibly explains not o n ly these differences 
but also: ( 1 ) the blockage of the sodium and potas­
sium carrier transport b y calcium  and b io log ica lly 
active m olecules1.4; (2) the decrease in  p H  when a 
neutral salt is added to phospholipid molecules; 
and (3) the influence of polar oils and salts on the 
absorption of w ater dispersable charged colloids 
(e.g., dyes) in to  a non-aqueous medium.

Experim enta l
Carrier Transport.— Fifty m M ./l. of NaCl was opposed to 

50 m M ./l. of KC1 (at 30°) and the oil phase membrane con­
sisted of 1-pentanol with 0.01 M  cephalin. As previously 
described, 1 Na+-K + exchange takes place. Increasing 
amounts of CaClj were added to the two aqueous compart­
ments.

Duplex Film Method.— Cephalin (phosphatidyl ethanol 
amine, Nutritional Biochemicals Corp., Cleveland, Ohio) 
was dissolved in «-hexane (b.p. 65-67°, purified, Fisher 
Scientific Co.) to which additions of «.-hexadecane or 30% 
1-pentanol and 70%, n-hexadecane mixture were added. 
The molecular ratio cephalin, n-hexadecane, or the 1- 
pentanol-n-hexadecane mixture was approximately 1 to 35, 
giving at collapse pressure a duplex film thickness of about 
350 A. The surface pressure (Wilhelmy’s method) was 
measured with a sand blasted platinum plate (5-cm. per­
imeter) suspended from a Roller Smith torsion balance 
(500 mg. max.) mounted on an adjustable elevating stand. 
A fused silica trough immersed in a 30° thermostated 
water bath was used as a Langmuir trough.

Interfacial Titration.— The study of the effect of various 
salts on the pH of a cephalin (animal cephalin) 1-pentanol 
dispersion was made by adding 50 ml. of 0.01 M  cephalin 
solution in 1-pentanol to 50 ml. of distilled water and 
agitating by means of a magnetic stirrer. The solutions 
(salts or biologically active substances) were added with a 
buret and the pH was determined by a Beckman pH meter 
"Zeromatic”  model. The pH meter was connected with 
a Wheelco recorder which permitted expansion of the 
pH scale.

R esults
D uplex F ilin s .— Figu re  1 shows th at nearly 

com plete in h ib ition  of the ionic exchange taking 
place between N a+  and K +  m igrating across 1- 
pentanol o il la yer in  the presence of cephalin occurs 
at 2  m M ./l. of C a C l2. I t  is interesting th at th is is the 
concentration of O a + 2  in physiological saline. 
A t  concentrations of C a + 2 of about 1 m M ./l. an 
interfacial “ sk in ,” probably of calcium  cephalinate, 
can be observed. The fluctuations in  the points

(4) H. L. Rosano, J. IT. Schulman, and .1. B. Weisbuch, Ann. N. Y. 
Acad. Sci.. 92, 457 (1961).
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Fig. 1.— Inhibition by addition of calcium of the sodium- 
potassium carrier transport.

50mM./l. NaCl Cephalin (0.01 M ) 50 m M ./l. KC1 
CaCl2 1 -pentanol CaCl2

Fig. 2.— Force-area curve of cephalin and cephalin duplex 
films with and without calcium, magnesium, and sulfate ions 
in the substrate: ( 1 ) cephalin ±  m-xylene ±  Ca+2 ±  M g 42 
±  S 04-2; (2) cephalin +  duplex (30% 1-pentanol, 70% n- 
hexadecane) ±  Mg; (3) cephalin +  duplex +  20 mM ./l. 
Ca+2.

at lower concentrations probab ly are due to fracture 
of the skins b y  stirrin g . In  order to study the 
calcium  phospholipid interactions at the o il/w ater 
interface, the duplex film  method was used. The 
water used was always a 0 . 0 0 2  M  N a C l solution 
in  b i-d istilled  w ater. Th e  presence of N a C l was 
required for the measurement of surface potentials 
of the m onolayers and the duplex film s. These 
results w ill be published elsewhere.

Curve 1 of F ig . 2 shows the ir-A curve of phos­
p h a tid yl ethanolamine dissolved in  n-hexane w ith  
and w ithout the presence of n-hexadecane or m- 
xylene as additives. N o penetration of the 
cephalin film  occurs (no increase in  area) and no 
duplex is form ed. The additives can be seen as 
m inute lenses floating on the m onolayer. A d d i­
tion  to the underlying solution of 0 . 0 1  M  C a C l2, 
M g C l2, or M gS 0 4 does not affect the m onolayer. 
On the other hand, if  1-pentanol is added to n- 
hexadecane w ith  the cephalin, a duplex film  is ob­
tained. N o lenses can be seen and curve 2 shows 
th at expansion of the m onolayer is realized. Under 
these conditions film  penetration b y the hyd ro ­
carbon additives occurs. Th is  has been indicated 1 

b y interfacial tension measurements at the h yd ro - 
earbon/water interface w ith  increasing amounts 
of 1 -pentanol g iv in g  approxim ately 0  dyne/cm . 
at 30% 1 -pentanol, 70% petroleum  ether/w ater 
interface. A d d itio n  of 0.01 M  M gC h  and 2 m M .' 
1. of C a C l2 under this duplex film  shows no effect, 
but now 2 0  m M ./l. of C a C l2, but not M g C l2, shows 
a marked expansion (curve 3, F ig . 3). 1-Pentanol 
being somewhat soluble in  the subphase, the ex­
pansion depends on the tim e the duplex film  is
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Â.a per molecule.
Fig. 3.— Expansion and contraction of cephalin duplex films by 

addition of calcium in the substrate in the presence of 1 -pentanol: 
duplex =  30% 1-pentanol +  70_% ra-hexadeeane; substrate 
always contains 0.002 M  NaCl and different concentrations of 1- 
pentanol; temp. =  30°.

Surface pressure of water -1-pentanol solutions (dynes/cm.).
Fig. 4.— Effect of 20 m M ./l. of CaCk on cephalin +  duplex 

(ra-hexadecane 70% ; 1-pentanol 30%) film at 33 dynes/ 
cm.; 30°.

held on the surface a t large areas (7rm =  0). Th is  
expansion does not explain the solid film  observed 
in  the carrier experim ent (F ig . 1) where 1-pentanol 
as the o il membrane alone was used. T o  th is effect 
the substrate was saturated w ith  1-pentanol. The 
portion of surface isotherm  (curve 1, F ig . 3) above 
saturation surface pressure of 1-pentanol indicates 
a m arked expansion. The addition  of 2 m M ./l. 
of C a C l2, which previously was ineffective, now 
shows a dram atic contraction of the duplex film . 
T h is  isotherm  superimposes a cephalin surface 
isotherm  at the liq u id /a ir interface ind icating that 
a ll additives have been expelled from  the phos­
pholip id  m onolayer. B y  spreading the duplex 
film  on a subphase containing various amounts of 
1-pentanol, curves 3 and 4 of F ig . 3, m arked ex­
pansions were observed. Expansions of cephalin 
m onolayers were also observed b y Alexander, 
Teorell, and A b o rg5 a t benzene/water interface 
on ly when isopropyl alcohol was added as a solvent 
fo r cephalin. The significance of the presence of 
isopropyl alcohol was not indicated b y the authors, 
but since no expansion takes place w ith  m -xylene

(5) A. E. Alexander, T. Teorell, and G. G. Aborg, Trans. Faraday 
Soc.. 35, 1200 (1939).

in  our duplex film  experim ent, it  can be con­
cluded th a t cephalin does not in te ract w ith  
calcium  at benzene/water interface alone. A  
system atic study of expansion and contrac­
tion  of cephalin duplex film  on 20 m M ./ l. of 
C a C l2 on substrate containing va ryin g  quan­
titie s  of 1-pentanol was undertaken next.

Figure 4 shows a m axim um  expansion when 
the cephalin m onolayer is opened out b y  the 
additives to an area of 110 A .2 (a t 33 dynes/ 
cm .) when the surface pressure of the 1-pen­
tanol solution is 11 dynes/cm . T h is  optim um  
effect suggests two opposing operating mech­
anisms. I t  has been shown above th a t n- 
hexadecane does not penetrate a cephalin 
m onolayer alone but addition of 1-pentanol 
enables m arked penetration b y  n-hexadecane 
to take place (F ig . 2 and 3). Calcium  in ­
jected underneath a cephalin m onolayer like ­
wise does not perm it the penetration of n - 
hexadecane alone. H ow ever, calcium  in te r­

acts strong ly w ith  cephalin in  the presence of 1- 
pentanol g iv in g  contraction. The role of 1-pentanol 
can be understood in  tw o w ays: (1) perm itting 
the interaction of calcium  w ith  cephalin, and (2) 
a llow ing an enhanced penetration of w-hexadecane 
in to  the calcium  cephalinate film , above th at w hich 
is found fo r the cephalin 1-pentanol duplex. B y  
in jectin g calcium  chloride under th is duplex film  
w ith  appropriate 1-pentanol-n-hexadecane m ixtu re , 
a t constant area, marked surface pressure rises 
are observed as the n-hexadecane penetrates in to  
the calcium  cephalin la ttice .

B y  using a 1:1 cephalin- -oleyl alcohol +  n- 
hexadecane duplex, where n-hexadecane molecules 
penetrate, there is now no measurable effect due 
to calcium  ions. T h is  possibly is due to steric 
factors holding the cephalin molecules too fa r 
apart fo r the calcium  cephalinate to form .

In te rfa c ia l T itra tio n .— Th e  pH  of a dispersion of 
cephalin in  n-hexadecane in  -water upon addition  
of salts gave no measurable stable changes. Th e  
emulsions of cephalin dissolved in  1-pentanol pro­
duce a low ering of the in itia l p H  in  the presence of 
salts. W hen cephalin in  a 70% n-hexadecane- 
30% 1-pentanol m ixture is titra te d  w ith  C a C l2, 
a sim ilar low ering of p H  is observed. T h is  is 
d ire c tly  analogous to  the interaction between 
calcium  and the duplex film  m entioned above. 
The addition  to ceph a lin -l-pen tano l emulsions of 
m onovalent ions such as N a+, K + , and substi­
tuted monoamines give p H  changes w hich are 
sm aller than the diam ine salts or po lyva len t ions 
(F ig . 6). Th e  salts of chelating agents such as 
copper and u ra n yl show ve ry  strong effects on 
the ceph a lin -l-pen tano l emulsions.

Previous w ork on titra tio n  of phospholipids b y 
W adsw orth, M altaner, and M altaner,6a D e rv ich - 
ian ,eb and Stenhagen60 reported th a t the addition  
of d ifferent salts produces a low ering of the p H . 
Th e  p H  change was a ttribu ted  to an ionic ex­
change between the cation and the hydrogen a t-

(6) (a) Wadsworth, Maltaner, and Maltaner, Am. J. Physiol., 97, 
74 (1931); (b) D. G. Dervichian, “ Proc. 2nd Inter. Conf. (1955),” 
Butterworths Scientific Publications, 1956, pp. 3-13; (c) E. Stenhagen, 
Skand. Arch. Physiol., 77, 77 (1937).
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A.5 per molecule.
Fig. 5.— Surface isotherms of cephalin oleyl alcoyol (1 :1 ) duplex films.

A p I I .

Fig. 6 .—Tnterfacial titration of 0.001 M  cephalin emulsions with salts; 
pH change of a 0.001 M  cephalin-l-pentanol-water dispersion on ad­
dition of various salts.

tached to the phosphoric acid 
group. T h is  process is revers­
ib le b y  addition  of HC1. Th e  
results appear independent of 
the carboxyl group in  serin 
cephalin a t these acid p H ’s.
Calcium  does not in teract w ith  
fa tty  acid m onolayers a t these 
p H ’s. The results in  F ig . 6  ex­
plain the carrier transport in ­
h ib ition  between N a + and K  + 
across a non-aqueous la ye r in  
the presence of cephalin b y  
C a +2, u ra n yl+2, and curare4-2.

The interesting recent publi­
cations of H ir t  and B erchtold 7 

show th at the extraction  in to  a 
lecith in  non-aqueous solution (e.g., CCU ,
CHC13, a lk y l alcohols, and ketones) of a 
w ater-soluble anionic dye (e.g., tropalein 
o) is m arkedly influenced b y  the fo llow ­
ing two factors.

(1) The dielectric constant and in te r- 
facial orientatation of the non-aqueous 
liq u id  molecules. F o r example 1-pen- 
tanol in  the a lk y l alcohol series produces 
an optim um  dye absorption in  the pres­
ence of salts and amines, whereas n itro ­
benzene, CCI4, and n onyl alcohol com­
p le te ly in h ib it the absorption. Th is 
paper suggests th at the absence of in ­
teraction of calcium  ions w ith  lecith in  
in  the presence of these solvents is due 
to the ir high surface o r in terfacia l ten­
sion, w hich corresponds to no surface 
spreading and no lecith in  m onolayer 
penetration, and also spacing effects due 
to the higher alcohols.

(2) T h is  absorption is m arkedly dependent 
on the valency of the cation and on the num ber of 
ionized am ino groups per reacting m olecule. Th is  
is d ire c tly  analogous to the results on F ig . 6  and 
fo r the in teraction  of the salts w ith  the cephalin 
duplex film .

D iscussion
I t  can be seen from  F ig . 2 that n-hexadecane, on ly 

in  the presence of 1 -pentanol, can penetrate in to  
the calcium  cephalinate film . Calcium  cephalinate 
is more soluble in  a 1 -pentanol-w -hexadecane m ix­
ture than in  either of the single components, the 
so lu b ility  series being 1 -pentanol-n-hexadecane >  
1-pentanol >  n-hexadecane. Therefore, the m ixed 
solvent penetrates the cephalin film  spread on a 
calcium  substrate. In  the case of a duplex film , 
the calcium  cephalinate is held a t the interface, 
as seen from  the area per m olecule determ inations 
( 7r-A curves). On F ig . 3, the ra tio  between the 
am ount of 1 -pentanol and n-hexadecane was varied 
b y  changing the concentration of 1 -pentanol in  the 
subphase. The m axim um  expansion of the surface 
area can be explained in  term s of “ surface solu­
b iliza tion ”  analogous to the bulk solub ilization  as 
m entioned above.

(7) R. Hirt and R. Berchtold, Experientia, 14, 436 (1958); 15, 
373 (1959); Med. Exp L, 2, 269 (I960).

I t  is known th at basic m etal ions expand out 
fa tty  acid and long chain anionic compound mono- 
layers. T h is  expansion is found b y force-area 
curves. N o increase in  surface pressure at con­
stant area is ever observed when the m etal salt is 
injected in to  the substrate . 8 B y  using the duplex 
film  m ethod, Schulm an and M ontagne 3 found that 
if  2-amino 2-m ethyl propanol (A M P ) is in jected 
under a stearic acid film  a t a constant area of 20 A .3, 
no penetration or rise in  surface pressure takes 
place unless non-polar o il molecules are added to 
make a duplex film . A M P  behaves s im ila rly  to 
basic m etal ions, and produces two-dim ensional 
lattices b y H -bond ing. In to  these, the o il mole­
cules w ill penetrate and produce increases in 
surface pressure a t constant area.

In  an analogous w ay, calcium  injected under 
cephalin m onolayers breaks the phosphoric a c id - 
amine polar group m iram olecular association, 
perm itting m fennolecular association between 
neighboring cephalin molecules. T h is  perm its 
surface lattices to form . T h is  again enables the 
o il molecules to penetrate and give pressure rises 
a t constant area.

Thus, calcium  injected under a cephalin m ono-

(8) (a) G. A. Wolstenholme and J. H. Schulman, Trans. Faraday 
Soc., 46 475 (1950); (b) J. G. N. Thomas and J. H. Schulman, ibid., 
50, 1131 (1954).
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la yer in  the presence of o il molecules produces a 
m onolayer penetration and pressure rise at con­
stant area.

A s indicated,3 duplex form ation corresponds 
to the disappearance of m inute droplets of the now 
spreading hydrocarbon. W hen spreading on the 
m onolayer occurs, penetration of the hydrocarbon 
molecules in to  the cephalin m onolayer also takes 
place.

Since the surface tension of the hydrocarbons 
decreases w ith  dim inishing chain length (hexa- 
decane 29 dynes/cm .; octane 20.5 dynes/cm .), 
enhanced spreading and penetration likewise take 
place on decreasing the hydrocarbon chain length. 
A  sim ilar phenomenon is observed in  the form ation 
of m icroem ulsions where it  is necessary for the

o il phase molecules to have a sm aller chain length 
than the interphase form ing m olecules.9 L ik e ­
wise, the arom atic hydrocarbons (m -xylene) have 
high surface tensions and w ill not spread or pene­
trate in to  the cephalin or stearic acid m onolayers 
a t the air/w ater and o il/w ater interfaces. Pre­
sum ably, the non-interaction of M g ions w ith  the 
cephalin duplex film s is due to th e ir in a b ility  to 
break the in terna l salt linkage (phosphoric a c id - 
amine) .

Acknow ledgm ents.— T h is  investigation  was sup­
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(C ) from  the N ationa l In stitu te  of N eurological 
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(9) J. H. Schulman, W. Stoeckenius, and L. M. Prince, J. Phys. 
Chem., 63, 1677 (1959).

CONFORMATION AND FRICTIONAL PROPERTIES OF POLYSTYRENE
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A high molecular weight fraction of polystyrene was studied by light scattering, sedimentation, and viscosity. Measure­
ments were made in cyclohexane at 35, 45, and 55°, and also in benzene at 40°. It was found that the intrinsic viscosity and 
frictional coefficient of the polymer were exponential functions of the expansion factor. The equations that fit the data are: 
b l/fo ls  =  a2-33 and (//>;)/(//’))e =  a0-6. The relations are in good agreement with recently published theories of Kurata- 
Yamakawa and Kurata-Stockmayer-Roig.

Th e  hydrodynam ic properties of polym er solu­
tions have been studied in tensive ly in  the past 
fifteen years in  order to assess the v a lid ity  of the 
m any theoretical descriptions of the conform ation 
of the polym er chain, its va ria tion  w ith  solvent in ­
teraction, and its effect on the m olecular frictiona l 
coefficient. T o  examine these effects system ati­
ca lly  requires the concurrent measurement of the 
radius of gyra tion  of a polym er fraction  b y  lig h t 
scattering, the v ir ia l coefficient b y  lig h t scattering 
or osmotic pressure, and the frictio n a l coefficient 
b y v iscosity, sedim entation, or diffusion. The 
measurements ought to be made on several frac­
tions of known m olecular w eight and m olecular 
w eight d istribu tion  over a large m olecular w eight 
range.

There are ve ry  few such comprehensive studies 
reported in  the literature . Perhaps the most 
thorough study is that of O th  and D esreux,1'2 who 
examined a series of fractions of polystyrene from
100,000 to  3,000,000 m olecular w eight b y  ligh t 
scattering, v iscosity, and sedim entation. Another 
less extensive study of the polystyrene system  was 
made b y  K rigbaum  and Carpenter3 and earlier b y 
O uter, C a rr, and Z im m .4 Th e  la tte r studied 
several fractions of polystyrene in  different sol­
vents b y lig h t scattering and viscosity measure­
ments; the form er studied a single high m olecular 
weight fraction, m olecular w eight 3.2 X  106.

(1) J. Oth and V. Desreux, Bull. soc. chim. Beiges, 63, 285 (1954).
(2) J. Oth and V. Desreux, ibid., 66, 303 (1957).
(3) W. R. Krigbaum and D. K. Carpenter, J. Phys. Chem., 59, 1166 

(1955).
(4) P. Outer, C. I. Carr, and B. H. Zimin, J. Chem. Phys., 18, $30 

(1950).

In  one respect these tw o studies differ from  the 
study of O th  and Desreux. In  going from  a poor 
solvent (a theta solvent) to  a good solvent the 
polym er coil in  solution expands. O th  and Des- 
reux’s w ork indicates th at the expansion remains 
gaussian whereas the other w ork indicates th a t it  
does not. A  ve ry  recent study b y K irste  and 
Schulz6’6 on po lym eth yl m ethacrylate fractions 
also shows a non-gaussian expansion.

Theoretica l w ork has made ve ry  rapid  progress 
during th is in te rva l of experim ental w ork, and there 
is a pressing need fo r more extensive and reliable 
experim ental data. Th e  theoretical as w ell as 
experim ental situation has been summarized in  tw o 
recent reviews.78 The hydrodynam ic relations 
proposed b y F lo ry 9’10 have been a springboard for 
much of the experim ental w ork and are given in  eq. 
1, 2, and 3. These relations are based upon the 
assumptions of an asym ptotic lim it in  the K irk - 
w ood-R isem an11 or D ebye-B ueche12 treatm ents 
of the p a rtia lly  drain ing polym er coil in  the region 
of experim ental interest. A lso  it  is assumed that 
the effective hydrodynam ic radius is proportional 
to the root-m ean-square, r.m .s., end-to-end distance 
of the segments, The equivalent h yd ro -

(5) R. Kirste and G. V. Schulz, Z. physik. Chem. (Frankfurt), 27, 20 
(1961).

(6) G. V. Schulz, Makromol. Chem., 35A, 99 (1960).
(7) M. Kurata, H. Yamakawa, and H. Utiyama, ibid., 34, 139 

(1959).
(8) A. Peterlin, ibid., 34, 89 (1959).
(9) P. J. Flory, J. Chem. Phys., 17, 303 (1949).
(10) P. J. Flory and T. G Fox, J. Am. Chem. Soc., 73, 1904 (1951);

L. Mandelkern and P. J. Flory, J. Chem. Phys., 20, 212 (1952).
(11) G. Kirkwood and J. Riseman, ibid., 16, 565 (1948).
(12) P. Debye and A. M. Bueche, ibid., 16, 573 (1948).
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dynam ic radius increases in  proportion  to an ex­
pansion factor, a, defined in  eq. 1, which changes in  
a known manner w ith  excluded volum e and mo­
lecular w eight, M. Th e  in trins ic  v iscosity, [77], and 
the frictio n a l coefficient, f/rj0. then can be related 
to_the above quantities b y eq. 1, 2, and 3, where 
(R2)01/2 is the r.m .s. end-to-end distance under ran­
dom fligh t statistics, or experim entally under F lo ry  
theta conditions. P  and $ are constants.

a =  (R2) Vl/(R2) o'A (1)

r i *  (£ 2)oV2 3 (2)

f/v o =  P (R 2)oAa (3)

M ore recent considerations of the excluded vo l­
ume and its  effect on the hydrodynam ic radius 
have resulted in  eq. 4 and 5 of K u ra ta .7'13

( T>2\
M  =  $ a 2'43 , (4)

/ / i f  0 =  W ) o ' / !a M62 (5)

These relations are va lid  o n ly  fo r polym er systems 
th at are reasonably close to  theta conditions. 
How ever, K urata , Stockm ayer, and R o ig 14 15 16 17 18 have 
allowed for an ellipsoidal expansion of the polym er 
molecule. T h e y  then use eq. 6 to  obtain the 
m olecular w eight dependence over the whole solvent 
range.

W /W e  =  « 2- 43 (6 )

In  th is w ork, lig h t scattering, sedim entation, 
and viscosity measurements were made on a single 
ve ry  high m olecular w eight fraction  of polystyrene 
in  an attem pt to measure both the r.m .s. radius of 
gyra tion  and the frictio n a l properties from  theta 
conditions to those of a ve ry  good solvent. These 
results then are related to the above theories.

Experim ental
Materials: Polymer.— Styrene (Eastman) was freed of 

inhibitor, vacuum distilled, then sealed in a dilatometer 
under high vacuum where it was thermally polymerized at 
room temperature for approximately 9 months to 50% 
conversion (by weight). The reaction mixture then was 
dissolved in methyl ethyl ketone and precipitated by mixing 
with methanol. The intrinsic viscosity of the whole polymer 
was 4.86 d l./g . in benzene. Two portions of the polymer 
then were dissolved in methyl ethjd ketone in a 0.5%  mix­
ture for separation into rough fractions. The high molecu­
lar weight rough fractions then were combined and refrac­
tionated in two portions starting with a 0 .1 %  solution in 
methyl ethyl ketone. The high molecular weight fractions 
of this intermediate fractionation then were combined, and 
the final fractionation into three fractions was from a 0.05% 
solution of the intermediate fractions. The center fraction 
was used in this work and represented 2.5%  of the original 
sample.

Solvents.— The cyclohexane used was Fisher reagent 
grade. The material was distilled before use and then 
checked for refractive index by a dipping refractometer. 
The variation of the refractive index of the different batches 
of cyclohexane used was ± 0.0 0 0 1 refractive index unit. 
The cyclohexane was purposely not distilled from sodium.

(13) M . K urata and H . Y ainakaw a, J . C h em . P h y s . ,  29, 311 (1958).
(14) M . K urata, W . H. S tockm ayer, and A. R o ig , ib id . , 33, 157 

(I960).

The benzene was ACS reagent grade and was distilled from 
sodium before use.

Partial Specific Volume.— The partial specific volume 
was determined with pycnometers having a volume of ap­
proximately 40 cc. in a bath controlled to ±0 .001°. The 
densities could be determined within ± 1  X  10 “ 5 for cyclo­
hexane at 35° and ± 2  X 10“ 5 for cyclohexane at the higher 
temperatures. The polymer used in these experiments 
was not the above mentioned high molecular weight poly­
mer, but was a low molecular weight polymer of molecular 
weight 180,000. This polymer had been prepared by M c­
Cormick using an anionic polymerization of styrene initiated 
by sodium-naphthalene.15

Viscosity Measurements.— The specific viscosity measure­
ments were made in an Ubbelohde viscometer at all tem­
peratures. All of the runs except those at 55° were run in 
a dilution viscometer. The runs at 55° were made in a non­
dilution viscometer whose design minimized any possible 
evaporation. Kinetic energy corrections were applied. 
The flow times in cyclohexane and benzene were above 
170 sec. at all temperatures. The specific viscosities also 
were measured in a capillary viscometer with three different 
bulb heights in order to obtain specific viscosities at three 
different shear rates. A maximum shear gradient was cal­
culated for the viscometers using an average value for the 
height of the liquid column. For cyclohexane at 35° the 
shear rates were calculated to be 1666 for the Ubbelohde 
viscometer and 960, 430, and 130sec.“ 1, respectively, for the 
other viscometer. For cyclohexane and benzene at other 
temperatures the shear rates were calculated with cor­
responding densities and viscosities.

Refractive Index Increment.— The Hilger interferometer 
was used to measure the refractive index of the above 
mentioned, anionically polymerized polystyrene. Measure­
ments were made at one concentration in benzene at 40°, 
0.1690 g./d l. The method is discussed elsewhere.16

Sedimentation Velocity Measurements.— The Spinco 
Model E ultracentrifuge witli a temperature controlling 
unit was used with schleiren optics and a phase plate. All 
of the cyclohexane and benzene runs were made at a speed 
of approximately 42,000 r.p.m. The data were analyzed 
from the peaks in the first few photographs after a distinct 
boundary had been formed. The distances of sedimenta­
tion were small and about the same in all cases in order to 
minimize the pressure corrections.

Sedimentation Equilibrium — The LKB model of the 
Svedberg centrifuge was used it 35° with cyclohexane solu­
tions.17 The speed was 28 r.p.s., and the experiment ran 
approximately 14 days before equilibrium in the 7-mm. 
column was definitely established.

Light Scattering Measurements.— All of the measure­
ments were made on a photometer described previously.13 
The angular measurements were made from 15 to 150°. 
The light scattering cell assembly consisted of an outer 
cylinder of glass about 12.7 cm. in diameter which had 
ground and polished flat surfaces for the entry and exit 
of the incident beam. Inside the cylinder there was black 
absorbing glass from 0 to 173° to eliminate the back re­
flections of the incident and scattered light. The cylinder 
was filled with xylene, and the scattering cell, a 2.5-cm. 
diameter cylinder, was positioned in the center of it. The 
whole cell assembly was thermostated by pumping fluid 
through coils immersed in the xylene, and through a cored 
out base and surrounding jacket. The xylene in the outer 
cylinder was stirred. The light scattering cells had tight 
fitting Teflon caps. A copper-eonstantan thermocouple 
inside the outer cylinder, capable of measuring to ± 0 .0 2 °, 
showed no change in the temperature during the course of 
the measurements after the solution had equilibrated with 
the thermostating fluid. The solutions were prepared by 
filtering through ultrafine filters. Two independently 
prepared solutions, and subsequent dilutions in the cell, 
were measured at each temperature. Concentrations were

(15) C ou rtesy  o f  D r. H . W . M cC orm ick , D o w  C h em ica l C o ., 
M id lan d , M ich igan ; H . W . M cC orm ick , J .  P o ly m e r  S c i . ,  3 6 , 341 
(1959).

(16 ) J- H . O ’ M ara and D . M 3 ln tyre , J .  P h y s .  C h em ., 63, 1435 
(19591.

(17) L. M andelkern , L . C . W illiam s, and S. G . W eissberg , ib id ., 61, 
271 (1957).

(18) D . M cIn ty re  and G . C . D aderer, J . R es . N atl. B u r . S td ., 62, 
153 (1959).
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determined after the measurements at a given temperature 
by pipeting a known volume of solution, evaporating the 
solvent, drying in a high vacuum drying pistol at 10 0 °, and 
weighing the residual polymer. Concentrations at dif­
ferent temperatures were calculated using the density of the 
solvent only.

Measurements were made with 546 and 436 mja vertically 
polarized light from a medium pressure mercury arc. The 
scattered beam received by the phototube had an angular 
acceptance of approximately 1°. Angular corrections for 
the cell are less than 1.5% even at the very low and high 
angles. The corrections are based on the symmetrical excess 
scattering from a solution of very low molecular weight 
polystyrene in cyclohexane. The cell corrections based 
on fluorescence measurements are less than 0.5%  at all 
angles. The absolute turbidities are based on the averages 
of determinations of molecular weights in these Laboratories 
using this absolute photometer and the equilibrium ultra- 
centrifuge. For relative purposes during this study, the 
scattering of a polystyrene-toluene solution was measured 
absolutely at several temperatures, also measured in the 
above cell, and the solution then was placed in a small 
cylindrical cell for reference use with the above cell assembly.

Experimental Results
1. Centrifugation. A. Partial Specific Volume

v.— Table  I  lists the densities (p), concentrations 
(c2), w eight fractions (012), and apparent specific 
volum es (v) in  units of g. and m l. at different tem -

V2 =  F sp +  ( 1  — co2)

1 , . Pi Psoln¡p — — I d --------------------
Pi L  c2

(7 )

(8 )

B. Equilibrium Centrifugation.— Th e average 
value of the w eight average m olecular w eight was
3.6 X  106. How ever, the more relevant q u a n tity  
fo r th is study is a measure of po lyd ispersity, 
nam ely jli,/ M w. T h is  ra tio  varied from  u n ity  to 
1.2.19 Th e  speed was probab ly a little  too h igh 
and the concentration gradient in  the cell was not as 
gradual as one m ight like . Nevertheless, the fact 
th at the po lyd ispersity ra tio  is not greater than 1.2 
is of some value in  in terpreting the lig h t scattering 
radius.

C. Sedimentation Velocity.— Table  I I  lists 
the sedim entation constant and its  reciprocal. 
These values were obtained b y  extrapolating the 
reciprocal sedim entation coefficient lin e a rly to  zero 
concentration according to eq. 9. Ka also is tabu­
lated in  Table  I I  and is the slope defined b y  eq. 9. 
Th e  concentrations ranged from  0.01 to 0.07%.

peratures fo r different solutions of polystyrene. 
W here duplicate determ inations have been made

T a b l e  I
P a r t ia l  S pe c ific  V o lu m e  D e t e r m in a t io n

Temp.,
°C. C! X 10' «2 X 10* P V

35 0 .0 0 0

Cyclohexane 
0.000 0.76399

1.356 1.772 .76445 0.865
2.003 2.620 .76456 .940 (± 0 .0 0 3 )
4.153 5.427 .76524 .915
7.537 9.837 .76617 .930

v - 0.928

1 / 5  =  l / S o ( l  +  K sCl)  (9 )

T a b l e  I I

S e d im e n t a tio n  V e l o c it y  D ata
°C. 1 /Sa So X ICR* 

Cyclohexane
K. (1 -  Vfi)/So

35 3.56 28.1 5.06 1358
45 3.45 29.0 15.7 1568
55 2.94 34.0

Benzene
35.7 1594

40 5.08 19.68 100.4 2144

2 . Viscosity. — Th e re lative viscosities rangi
0 .0 0 0 0 .0 0 0 0.75447
1.070 1.418 .75484 0.867 (± 0 .0 6 2 )
1.634 2.165 .75496 . 9 3 2 (±  .028)
2.928 3.876 .75534 .931 ( ±  .008)
3.787 5.012 .75559 .934 ( ±  .013)

v =  0.934

from  1.03 to 1.20 a t the highest shear rates. The 
re la tive  viscosities in  the w ork w ith  the variab le 
shear rate viscom eter o n ly w ent as low  as 1.09. 
Table  I I I  presents the in trins ic  v iscosity a t the 
high shear rate, and also lists the in trin s ic  v iscos ity 
extrapolated lin e a rly to  zero shear rate, [t] ]0.

0 .0 0 0 0 .0 0 0 0.74466
1.253 1.682 .74508 0.892 (± 0 .0 0 5 )
2.029 2.722 .74532 . 9 2 6 (±  .002)
4.294 5.756 .74596 .9 3 4 (±  .002)

v = 0.936
Benzene

0 .0 0 0 0 .0 0 0 0.85726
1.365 1.592 .85758 0.897 (± 0 .0 0 4 )
2.243 2.615 .85776 .911
3.953 4.606 .85812 .917 (± 0 .0 0 1 )

v = 0.917

they are represented b y  the average value w ith  the 
average deviation  in  parentheses. Th e  value be­
low  each set of results is the best value of v deter­
m ined graph ica lly b y  p lo ttin g  specific volum e 
against w eight fraction  according to  eq. 7 and g iv ­
ing less significance to  the v e ry  low  concentrations. 
T h e  apparent specific volum e is calculated accord­
ing to eq. 8.

°C.

T a b l e  I I I
I n tr in sic  V isc o sitie s

hi, dl./g. hl«, dl./g.

35
Cyclohexane

1.50 1.50
45 2.219 2 .2 2
55 2.62 2.72

40
Benzene
6.36 7.04

3. Light Scattering.— Ta b le  IV  lists the lig h t 
scattering constants used in  th is w ork, (dn/dc) 
fo r cyclohexane solutions is taken from  reference 
16. Th e  refractive index, n, is interpolated from  
values in  Tim m erm ans.2011 K v is the constant fo r

(19) The accuracy of this parameter depends upon the certainty of 
the concentration gradient at the end of the cell. This instrumental 
problem has not been satisfactorily solved.

(20) (a) J. Timmermans, “ Physicochemical Constants of Pure Or­
ganic Compounds,”  Elsevier, 1950; (b) B. H. Zimm, J. Chem. Phys., 
16, 1093, 1099 (1958).
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Fig. 1.— Reciprocal scattering curves at zero concentration 
for polystyrene fraction in cyclohexane at 35 and 45°: dia­
monds are experimental data, circles are corrected for h =  4.

rected tor h =  4.

ve rtic a lly  polarized lig h t th at occurs in  eq. 10 
and 11 fo r lig h t scattering in  polym er solutions.20b

Kc
R$

1

K y .P. =

M wP(e) +  2A*C 
4 m 2 (dn/dc) 2

X W o

( 1 0 )

( I D

Re is the R a yle igh ’s ra tio  at scattering angle 6, A 2 
is the second v ir ia l coefficient in  c.g.s. units, X is the 
wave length, and P(0) is the particle  scattering 
function.

T a b l e  IV
L ig h t  Sc a t t e r in g  C o n st a n t s  fo r  P o l y s t y r e n e

°c. n dn/dc, ml./g.
436 m/i 

Cyclohexane

X>*

35 1.428 0.1814 0 .1 2 2 0
45 1.422 .1849 .1256
55 1.418 .1884

Benzene
. 1297

40 1.510 .1160 

546 mu 
Cyclohexane

.15578

35 1.422 .1705 4.332
45 1.418 .1739 4.482
55 1.415 .1772

Benzene
4.633

40 1.491 .1106 2.005

Ta b le  V  represents the derived data from  a p lo t 
of Kc/Ro against [sin2 (6/2) +  kc], reference 20b. 
Th e  lim itin g  slopes o f the zero concentration curve 
and the zero angle curve are reported in  term s of 
th e ir m olecular quantities, the radius of gyra tion  
(A.), and the v ir ia l coefficient (c.g.s. un its). The 
lim itin g  curves were draw n so as to make th e ir 
intercepts coincident. T h is  value is given as the 
m olecular w eight. Th e  data are listed separately 
fo r the 436 and 546 mp measurements. Th e  agree­
m ent of the m olecular weights at both wave lengths 
of lig h t is reassuring. Th e  average values of these 
m olecular constants also are given. Therefore the 
m olecular w eight average is given w ith  the benzene 
results included and excluded.

Figures 1 and 2 represent the data a t 546 m/i fo r 
(Kc/Re) at zero concentration p lotted against 
sin2 (6/2). Th e  r.m .s. 2 -average radius of gyra tion  
is determ ined from  eq. 12, where X ' is the effective 
wave length in  the solution.

(R 2) ^
slope

intercept
( 1 2 )

I t  is known th a t the po lyd ispersity of the sample 
can have a drastic effect on the determ ination of the 
lim itin g slope of these curves. In  F ig . 1 and 2 
there also are plotted corrections to  the experi­
m ental scattering curve which a llow  a better esti­
m ation of the lim itin g  slope. These corrections 
were made using the tabu lar values listed b y 
Z im m 20b fo r a heterogeneity param eter of fou r,
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T a b l e  V
E x p e r im e n t a l  L ig h t  Sc a t t e r in g  R esu l ts  

°C. M . x  10"« A t X 10'
546 mu 

Cyclohexane
35 4.03 626 0 .0

45 3.96 746 7.5
55 4.10 817 1 1 . 6

Average 4.03 ±  0.05
Benzene

40 3.93 1234 34.8
Average 4.00 ±  0.06

436 mjLi 
Cyclohexane

35 3.92 604 0 .0

45 3.97 754 5.7
55 4.12 828 9.7

Average 4.00 ±  0.08
Benzene

40 3.95 1218 37.1
Average 3.99 ±  0.06

Average values
Mr, = (4.00 ±  0.06) X  10«

°C. A t X 10« (S2)a‘/ !, (RPz'A,
Â. Â.

Cyclohexane
35 0 .0 615 ±  9 1506
45 6 .6  ±  0 .9 750 ±  4 1837
55 10.7 ±  0.9 822 ±  5 2013

Benzene
40 35.9 ±  1.2 1226 ±  13 2792

corresponding to  M.,JMw =  1.2. Zim m  made 
these corrections on the assumption th at the dis­
trib u tio n  of m olecular weights in  a polym er sample 
could be described in  m any cases b y eq. 13. The 
function  co (M) dM  is the weight fraction  of p o ly­
m er in  the in te rva l M  to M  +  dM. and h and A 
are parameters that have the relations shown in  (13) 
when the d istribu tion  is norm alized. M n, M w, and 
M z are the num ber, w eight, and 2 -average molec­
u lar weights, respectively.

u(M)dM  =
Ah + 1M V * M 

h !

h h -f I  h 2 
M n ~  M w ~ M z

(13)

(14)

Th e  values of the ra d ii determ ined from  these 
corrected plots are given in  colum n 1 of Table  V I. 
The corrected plots do not give as good a linear 
representation of the experim ental points at low  
angles as the o rig ina l experim ental curve. There is 
a bias of the low  angle points on the line th a t best 
fits the high angles. A  low er heterogeneity param ­
eter would avoid th is problem , but the corrected 
slopes then w ould be ve ry  close to the experi­
m ental slopes anyw ay. A s can be seen in  colum n 2 
of Table  V I,  the changes in  radius of gyra tion  are 
not ve ry  large even w ith  a param eter of four.

T a b l e  VI
C o r r e c t e d  L ig h t  Sc a t t e r in g  R e su l ts

°C.

,----Radius of gyration'— -> ✓— Virial coeff. (Fig. 3)— «•
(1) (2) (3) (4)

_ Cor. . Ratio
(S*)*1/», Â. (cor./uncor.) A 2 X IO5 ikfw X 10 “6

35 603
Cyclohexane 
0.979 0.0 4.03

45 716 .955 6.4 3.98
55 775 .942 8 .8 4.10

40 1140
Benzene 

.930 32.0 3.79

Figu re  3 is a p lo t of the extrapolated values of 
the scattering at zero angle fo r each concentration. 
Since the agreement of m olecular weights between 
436 and 546 mn in  Table  V  is ve ry  good, the average 
values fo r both wave lengths are used to  p lo t the 
scattering at zero angle in  F ig . 3. The values of 
the v ir ia l coefficients and m olecular w eight deter­
m ined in  th is m anner are listed in  columns 3 and 4 
of Table  V I .  N o attem pt was made to make the 
m olecular weights coincide w ith  the values listed 
in  Table  V .

Discussion
Polymer Dimensions.— T o  compare the experi­

m ental data w ith  the theory re la ting polym er 
dimensions to frictio n a l properties and excluded 
volum e, it  is essential to know the m olecular w eight 
d istribu tion  of the polym ers studied. N e ither in  
th is study nor in  other previously published studies 
has the d istribu tion  been defin ite ly known. The 
exponential d istribu tion  shown in  eq. 13 generally 
has been assumed although Newm an, K rigbaum , 
Laugier, and F lo ry 21 corrected the ir values of 4> b y 
assuming a Lansing-K raem er d is trib u tion .22

Since it  usually is experim entally d ifficu lt to  
measure angular scattering in  the in te rva l between 
15 and 0°, it  m ay be necessary when studying ve ry  
high m olecular w eight compounds to make assump­
tions about the d istribu tion  before a reliable esti­
mate of the «-average radius of gyra tion  can be ob­
tained. A lth ough  the results are not shown in  F ig . 
1 and 2, the lig h t scattering data also were analyzed 
b y assuming a monodisperse sample and actua lly 
com paring the theoretical particle  scattering factor 
fo r a random  coil w ith  the experim ental curve. 
(The  approxim ate size was obtained b y  a direct 
extrapolation of the experim ental curves.) The 
monodisperse calculations began to  diverge from  
the experim ental curve at sin2 (6/2) = 0 .1  even in  
cyclohexane a t 35°. Tw o  different values of h 
(4, 19) in  the exponential d istribu tion  in  eq. 13 
then were assumed, and the experim ental data 
were corrected using the tabu lar values in  refer­
ence 2. N either set of corrections adequately 
represents the experim ental data at low  angles. 
Th e  line of best fit fo r the high angles d is tin c tly  
makes a ll of the low  angles fa ll below the line, and 
the effect is worse fo r the higher h. A  more de­
ta iled p lo t shows that th is is a ve ry  salient fact. 
There seems little  doubt th at the tw o lowest points

(21) S. Newman, W. R, Krigbaum, C. Laugier, and P. J. Flory, 
J. Polymer Sci., 14, 451 (1954).

(22) W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc., 57, 
1369 (1935).
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in  the scattering curve for cyclohexane at 35° are 
due to “ d ir t .” The other experim ental curves are 
linear in  the low  angle region w ith  o n ly sm all ran­
dom deviations at even the lowest angles of meas­
urem ent. I f  a more polydisperse sample is as­
sumed, the experim ental data can be corrected to 
fit the low  angles better. H ow ever, considerations 
of the fractionation  and the sedim entation results 
indicate that the fraction  m ay, if  anyth ing, be less 
polydisperse. Furtherm ore, the net effect would 
be to make the uncorrected and corrected values 
of the radius agree more closely. F o r fu rther cal­
culations in  th is paper the 3-average values of the 
radius of gyra tio n  from  the uncorrected plots are 
preferentia lly used. Th e  corrected values listed 
in  Table  V I  also are discussed at various times.

Molecular Weights and Molecular Weight Dis­
tribution.— I t  was hoped a t one tim e th at the 
equ ilibrium  centrifuge would determ ine the molecu­
la r w eight v e ry  accurately and thereby elim inate 
m any problems in  the extrapolation of angular de­
pendent functions. T h is  m olecular w eight deter­
m ination was not a straightforw ard measurement. 
Th e  results reported here on the centrifuge were 
not run  at the most favorable speed and concen­
tra tion , and as a result the concentration gradient 
rises steeply tow ard the end of the cell. These 
experim ents w ill be repeated at a la ter date w ith  
th is and other high m olecular w eight fractions. 
Th e  region of the cell in  w hich any ve ry  large 
particles th at m ight affect the 2 -average radius are 
concentrated was not visib le  in  these runs. H ow ­
ever, at least 95% of the cell was visib le , and any 
upsweep in  the gradients was accentuated in  order 
to get a m axim um  value fo r the po lyd ispersity 
(Mz/Mw). There is considerable value in  know­
ing that the po lyd ispersity was never higher than 
1 .2 .

There is a d istinct tendency fo r the m olecular 
weights determ ined in  benzene to be lower than 
those in  cyclohexane. I f  the lig h t scattering con­
stants are known equally w ell in  the tw o systems, 
it  is possible th at the extrapolation is exh ib iting 
the behavior discussed b y  Loucheux, W e ill, and 
B eno it.23

Virial Coefficient.— Th e v ir ia l coefficients listed 
in  Tables V  and V I  do not d iffer fo r the low  tem ­
perature cyclohexane data. H ow ever, the d iffer­
ence fo r the other tw o solvent conditions is ap­
preciable, approxim ate ly 12% fo r both. The scat­
ter of the data a t zero angle is sufficien tly great so 
th at when the zero angle data fo r the tw o wave 
lengths are averaged and p lotted  w ith ou t regard 
to the zero concentration intercept the slope is de­
creased. Th e  extrapolation in  the case of benzene 
from  the last concentration to  the intercept is 
p a rticu la rly long and hazardous. W ith  such a 
high v ir ia l coefficient these solutions ought to  be run 
at lower concentrations. F u rth e r calculations in  
this paper are based upon the v ir ia l coefficients in  
Table  I I I .  I t  is interesting to  note th a t the 
precision of the ra d ii determ inations in  th is system  
is appreciably better than the precision of the 
v iria l coefficients.

(23) C. Loucheux, G. Weill, and H. Benoit, J, chim. phys., 55, 540
(1958).

Fig. 3.— Reciprocal scattering curves at zero angle for 
polystyrene fraction in cyclohexane at 35, 45, and 55°; and 
benzene at 40°.

(1 — vp)/mSo, and r.m.s. radius of gyration (/S2)Z‘A of poly­
styrene fraction as a function of virial coefficient A 2. (The 
ordinates are normalized to unity at A 2 =  0.)

{R^e/M .— Th e  ra tio  of the square of the end- 
to-end distance (under theta conditions) to the 
m olecular w eight should give  considerable in fo r­
m ation about the m icrostructure of the polym er 
chain. I f  the polym er were monodisperse, th is 
param eter w ould be read ily available from  experi­
m ent. In  attem pting to compare m uch of the 
existing data in  the lite ra ture  on polym er dim en­
sions, p a rticu la rly  w ith  h igh m olecular w eight 
m aterial, it  m ust be remembered th at the fractions 
are not monodisperse and often are derived from  
polym erizations carried out to  h igh conversions of 
monomer. O ften the polym er preparations are 
not given  in  any detail.

Tab le  V I I  lists some of the reported values of 
th is param eter. A ll of the w ork was done on frac-
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Fig. 5.— Log hlo and log (1 — vp)/rioSo as a function of 
log ( / f 2 ) a ' / s  (dotted lines are for slopes of 3 and 1 , respec­
tively).

Fig. 6 .— $  plotted as, a function of a\ circles and ovals are 
for polystyrene from the present work and reference 3, 
respectively; diamonds for polymethyl methacrylate from 
reference 6 .

T a b l e  V I I  

V a l u e s  o f  ( B » ) z/ A f w

Ref. M , X 10« Mw X 10-•
16 0.57 1.61

3 .54 3.20
1 .62 2 .8

.41 1.065

.59 0.372
24 .48 1.61 

( inter­
polated)

25 .32 1.46
.28 1 .0 0
.33 0.74

26 .47 5
.54 2.13
.77 1.75
.58 1 .0 0

This
.6 6 0.675

work .57 4.0

Preparation of polymer
Benzoyl peroxide, 70°, 

10 0 %  conv., bulk 
Thermal 
High conversion 
High conversion 
High conversion 
Benzoyl peroxide, 40-120°. 

bulk

Commercial sample 
Commercial sample 
Commercial sample 
Thermal, 25°, 6 mo. 
Thermal, 125°
Thermal, 125°
Commercial sample 
Thermal, 125°

Thermal, 25°, 9 mo., bulk

tions of unknown po lyd ispersity, and the com pari­
son must be made on reported values of (R2),/Mw 
even though the reduced num ber-average ra tio

w ould be more significant. There are ve ry  few 
generalizations th at can be made, but a guess m ight 
be made th at the m ost careful fractionations result 
in  a value between 0.5 and 0.6. Th e  data of 
reference 6 are ve ry  unusual and m ust be attribu ted 
to either large experim ental error or branching in  
the com m ercial polym er. In  view  of the different 
methods of preparation, it  is surprising th a t there 
are no other significant differences. Four of the 
references including th is study used cyclohex­
ane h3.16 and the other three used m ixed solvents to 
achieve theta conditions.

V aria tion  of (S2)/ /2 w ith  A2.— Zim m , Stock- 
m ayer, and F ixm an 27 have shown th at the mean 
square end-to-end (or displacem ent) length of a 
polym er chain can be expressed b y eq. 15, where n 
is the num ber of segments in  the chain, a is the 
unperturbed effective length of a lin k , and /3 is the 
volum e excluded to the center of one segment b y 
the presence of another. T h e y  also found th a t the 
radius of gyra tion  of the molecule could be repre­
sented b y  eq. 16.

R 2 =  na2[ l + 4 / 3  2 +  . . .  ], 

where z — 3 Y A »
w )

—  na‘
S 2

134
I f f -------- 2  +  .

105

(15)

(16)

Z im m 28 d ire c tly  related the excluded volum e to 
the second v ir ia l coefficient in  the single contact 
approxim ation b y eq. 17; Wo is Avoga dro ’s number, 
and M  is the m olecular w eight.

N on2ß

2 M 2 (171

O ther term s can be added to  th is expression but the 
expression is va lid  o n ly  in  the v ic in ity  of theta where 
2  is sm all. These expressions when combined give 
the re lation in  eq. 18 fo r the radius of gyra tio n  and 
the v ir ia l coefficient.

S2 =  S2 o +  0.0572 I f f 1A +  . . .  

(18)

W hen a sample is polydisperse, an equation for 
the 2 -average radius of gyra tion  m ust be deter­
mined in  order to compare the results d ire c tly  w ith  
experim ent. B y  using the exponential d istribu tion  
in  eq. 13, the above equation can be m odified as 
shown in  eq. 19, which is sim ilar to K rigbaum ’s 
expression.

(24) N. T. Notley and P. J. W. Debye, J. Polymer Sei., 17, 99 
(1955).

(25) S. N. Chinai, P. C. Scherer, C. W. Bondurant, and D. W. Levi, 
ibid., 22, 527 (1956).

(26) F. D. Kunst, Rec. trav. c h im 69, 125 (1950); Thesis. Univ. of 
Groningen, 1950.

(27) B. H. Zimin, W. H. Stockmayer, and M. Fixman, J. Chem. 
Phys., 21, 1716 (1953); M. Fixman, ibid., 23, 1656 (1955).

(28) B. H. Zimm, ibid., 14, 164 (1946).
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OS2) ,  =  OS2«,) 1  +
(h +  2) 1/1
(h +  l ) 2

2T(h +  3.5) T(h +  2.5)
r  (h +  3) T(h +  2)

(19)

F igu re  4 shows a p lo t of fo r the present
sample over a v e ry  large v ir ia l coefficient range. 
A lthough  it  appears on th is scale to be almost linear, 
on a larger scale the benzene value defin ite ly fa lls 
below the line th at satisfies the cyclohexane data. 
The experim ental value fo r the slope of the p lot of 
(A 2V /z against is_0.366 X  104. I f  the experi­
m ental value fo r [($ 2)/ M ]!/l is put in to  eq. 18 on 
the assumption of a monodisperse polym er (or h =  
<» in  eq. 19), the theoretical value is calculated to 
be 0.328 X  104. A  po lyd ispersity corresponding 
to h =  4 w ould decrease th is slope b y  less than 5% .

I t  is interesting to  compare the other published 
data. O n rep lo ttin g the data of ( aS '2) z 1 / !  against 
A 2 fo r references 3 and 4 the slopes are calculated 
to  be 0.63 X  104 and 0.255 X  104, respectively. 
These slopes are based upon points ve ry  close to 
theta and should correspond closely to  the theoreti­
cal calculations. Since the value of (R)z2/Mw in  
Table  V I I  is the same fo r th is w ork and th at of 
reference 16, the ra tio  of the experim ental slopes 
should be proportional to  the square root of the 
m olecular weights, or 0.63. The actual ra tio  of 
the experim ental slopes is 0.76. Since the points 
of reference 3 are on a gradual curve it  is possible 
to  take the portion  representing the higher v ir ia l 
coefficients and com pute a slope of approxim ately 
0.4 X  104.

Th e  v ir ia l coefficients in  th is w ork seem high, 
especially when th ey are compared to  the values of 
reference 3 fo r a com parable m olecular w eight and 
tem perature in  cyclohexane. Th e  re fractive  index 
increm ent in  reference 3 is considered to  be con­
stant, whereas in  th is w ork it  is not. Corre­
spondingly, the lig h t scattering constant K  increases 
in  th is w ork b y about 6 % . T h is  would make 
higher v ir ia l coefficients if  applied to  F ig . 3 of refer­
ence 3 w ith  a fixed intercept, but it  is not known 
whether th is can to ta lly  account fo r the difference.

Intrinsic Viscosity.— Figu re  4 shows the va ria ­
tion  of the in trin s ic  v iscosity a t zero shear rate 
w ith  the v ir ia l coefficient. F igure 5 presents the 
dependence of the in trins ic  v iscos ity on the experi­
m ental radius of gyra tion . Th e  data also m ay be 
expressed in  the form  shown in  eq. 20. I f  the cor­

to ]/M* =  *2'33 (20)

rected ra d ii of gyra tio n  in  Tab le  V I  are used in ­
stead of the values in  Tab le  V , the exponent in  the 
re lation can be changed to  2.53. K urata , Yam a- 
kawa, and U tiya m a 7 have shown th eoretica lly th at 
the exponent fo r th is equation in  the v ic in ity  of 
theta is 2.43, when the polym er is monodisperse. 
W hen the sample is polydisperse, the exponent, n, 
would be given b y  eq. 2 L  (eq. 27 in  reference 7) for 
an exponential d istribu tion .

n =  ^  p ( x j
(h +  m h  +  2 ) [ r (h +  1)] 

r  (h +  3A ) r (h +  7A )

Th e  data in  the v ic in ity  of theta from  the present 
w ork w ould give  an exponent of 2.26. The dotted 
line in  the graph indicates the slope fo r an exponent 
of 3.

Th e  re lation given b y F lo ry  in  eq. 2 is based 
upon the use of a num ber average radius and mole­
cular w eight in  a polydisperse system .21 In  order 
to calculate the param eter $ it  is necessary to 
correct the measured w eight average m olecular 
w eight and z-average radius. K rigbaum  and 
Carpenter have given corrections fo r th is q u a n tity .3 
F o r corrections near the theta tem perature fo r a 
po lyd ispersity param eter h =  4, $  can be corrected to 
give a theta value fo r these data of 2.5 X  1021, which 
decreases w ith  A 2. T h is  decrease in  $  was noted 
earlier b y  K rigbaum  and Carpenter.3 R ecently 
some additional data on po lym eth yl m ethacrylate 
have been presented b y  Schulz.6 Ta k in g  the values 
from  th e ir graph and norm alizing th e ir theta value 
of 4> to  2.5 X  1021 the p lo t in  F ig . 6 is obtained. I t  
should be noted th a t the curve fo r these p o ly ­
styrene results shows a m onotonically decreasing 
function fo r 4> fo r the entire solvent range.

Sedimentation Frictional Coefficient.— I t  is w ell 
known that the frictio n a l coefficient of a molecule 
is related to its  radius. In  the model proposed by 
F lo ry  eq. 22 was derived. K u ra ta  and Yam a- 
kaw a,13 b y  considering the effect of the non-

f/v 0 =  P (& )1/2 =  P ' ( m ; ha (22)

gaussian expansion of the polym er m olecule, ar­
rived  at eq. 23.

f/v 0 =  P ( i s V V '7662 (23)

The frictiona l coefficient is related to the sedi­
m entation constant, S0, b y  eq. 24. Thus it  is 
necessary to know several additional factors besides

f/v o =
M (l -  vp) 

VoSo
(24)

the sedim entation constant to  calculate the fric ­
tiona l coefficient. Even  the sedim entation coeffi­
cients determ ined during a run  m ust in  princip le  be 
corrected fo r pressure effects on the viscos ity and 
density. Since the effect of pressure on the partia l 
specific volum e is unknown, th is factor is considered 
constant. In  these experim ents, in  which the 
tem perature of the solvent was varied, no pressure 
corrections were applied to  the density and v is ­
cosity because accurate corrections are not known. 
Th e  o n ly data available on the pressure dependence 
of v iscosity in  cyclohexane are those of B ridgm an.29 
Th e  data are given at 30 and 75°. A t  75° both 
cyclohexane and benzene have about the same 
pressure dependence. The corrections made fo r 
cyclohexane at 35° increase the sedim entation co­
efficient b y  1%. Since the exact corrections at 
other tem peratures are unknown, and the data were 
obtained under the same conditions, it  is fe lt th a t 
a ll of the data should be le ft uncorrected.

Th e  partia l specific volum e was considered to  be 
constant (0.93) over the various tem peratures in 
cyclohexane, and was set equal to  0.92 fo r benzene 
a t 40°. Th e  results of the p a rtia l specific volum e

(29) P. W. Bridgman, Proc. Am. Acad. Arts Sci., 61, 57 (192G).
(2 1 )
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determ ination are ve ry  interesting in  themselves, 
but the data are not sufficiently accurate to estab­
lish any inform ation about the enthalpies of d ilu ­
tion. T h e y  strong ly suggest that the simple ex­
planation of Streeter and B oye r30 is not correct. 
T h e y  had found that when there were either ve ry 
strong so lven t-po lym er interactions (good solvents) 
or v e ry  strong po lym er-po lym er interactions the 
p a rtia l specific volum e had a m axim um  value. 
A t  the interm ediate cases there was a decrease of 
the p a rtia l specific volum e. Cyclohexane at 55° 
is an interm ediate case although there is some ex­
pansion of the polym er size sim p ly due to  an in ­
crease of tem perature, ye t the v does not change. 
Th e  data are in  good agreement w ith  the data of 
Rosen31 and G riffe l, Jessup, Cogliano, and P arks.32 
W hether the change in  the apparent specific volum e 
at low  concentrations is real can be settled o n ly b y 
more refined w ork. Rosen found ju st the opposite 
trend, and his differential measurements were far 
more sensitive to the difference of densities needed 
to calculate the apparent specific volum e.

Th e  dependence of the frictio n a l coefficient on 
the polym er size and on the v ir ia l coefficient is 
shown in  F ig . 5 and 4, respectively. I t  should be 
noted th a t the dotted line of F ig . 5 has a slope of 
u n ity . Th e  frictio n a l coefficient follow's eq. 23, 
where an exponent of 0.6 is used because the uncer­
ta in ty  in  the data does not allow  an accuracy better 
than ±0.05 to be assigned to the slope. Th e  value 
of 0.6 fo r the slope agrees closely w ith  the value 
given b y  K urata .

if/v)/(f/v)e =  «°-6 (25)

There are in  conclusion several experim ental 
studies includ ing th is study of polystyrene that 
indicate th at the in trins ic  v iscosity and the fric ­
tion a l coefficient increase less than would be pre­
dicted on the basis of the orig ina l th eory of F lo ry . 
T h is  study has shown that the in trins ic  v iscosity 
and the frictio n a l coefficient are related to  the 
expansion factor, a, b y an exponent th at agrees 
w ell w ith  the theories of K u ra ta  and Yam akawa. 
A lso , the increase of the radius of the polym er 
molecule w ith  the v ir ia l coefficient agrees w ell w ith  
recent theories of the excluded volum e. These 
recent theories are va lid  at tem peratures not fa r 
from  theta.

(30) D. J. Streeter and R. F. Boyer, Ind. Eng. C h e m 43, 1790 
(1951).

(31) B. Rosen, ibid., 27, 559 (1955).
(32) M. Griffel, R. S. Jessup, J. C. Cogliano, and R. P. Parks, J. Res. 

Natl. Bur. Std., 52, 217 (1954).

I t  therefore is surprising th at the effects seem to 
be nearly the same in  solvents that are fa r from  
theta solvents. However, K urata , Stockm ayer, and 
R o ig found that the m olecular w eight dependence 
of the in trinsic v iscosity was in better agreement 
w ith  experim ental results in  good solvents when 
th ey used the ra tio  of in trins ic  viscosities under any 
solvent condition to th at at theta as a 2-43 and con­
sidered an ellipsoidal expansion of the molecule far 
from  theta conditions.

D IS C U S S IO N
H. W a r d .— This comment concerns the problem of de­

termining number average molecular weights from ultra- 
centrifuge data. In principle it seems feasible to measure 
number average sedimentation constants quite directly by 
light absorption provided that the sedimenting species all 
carry the same number of light absorbing groups per mole­
cule. This could be effected, for example, by tagging the 
ends of a linear polymer with a chromophore.

D. M cI n t y r e .— The determination of the number-aver­
age molecular weight is possible if at any point in the cell 
either M „ is known or the concentration is zero. As Dr. 
Ward indicates, the performance of an end group analysis 
and the simultaneous determination of the total concentra­
tion at any point in the cell would allow the number-average 
molecular weight of the sample to be determined.

S. R . E r l a n d e r  (Northern Regional Research Labora­
tory).— With regard to Dr. Ward’s statement, work has been 
done on a.mylose by tagging the end group of each molecule 
with a radioactive unit. I see no reason why the tagging 
method cannot be applied to ultracentrifuge work to obtain 
M n. In addition, one can for practical purposes assume 
that the concentration at the meniscus (Ca) is equal to zero 
if the schlieren pattern coincides with the base line at the 
meniscus. Under the conditions that Ca =  0 , the number- 
average molecular weight at the cell bottom equals the total 
weight-average molecular weight as given by Yphantis. 
One can use the previously determined M w to obtain a more 
accurate extrapolation of the pattern at the cell bottom. 
Hence, the number-average molecular weight could be ob­
tained from sedimentation-equilibrium studies by first 
obtaining and then obtaining a pattern where the value 
of Ca is essentially zero.

D. M cI n t y r e .— The earlier experimental work of Wil­
liams and Wales used the above method to determine the 
number-average molecular weight. The problem of es­
tablishing a point in the cell where the concentration is 
definitely known to be zero is, of course, difficult.

H. A. E n de  (Chemstrand Research Center).— You point 
out the importance of knowing the molecular weight distri­
bution of the polystyrene samples in order tc interpret more 
accurately the results of your measurements and that neither 
in the present work nor in previously published studies 
has the distribution been definitely known. Recently 
J. J. Hermans and I have used the density gradient tech­
nique to determine M n and M w, or any other molecular 
weight average. This method utilizes the moments of 
molecular weights which can easily be related to moments 
of the concentration distribution in the polymer band formed 
by density gradient centrifugation.
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VELOCITY SEDIMENTATION STUDIES ON PRESSURE AND 
CONCENTRATION DEPENDENT SYSTEMS

B y  I r w i n  I I .  B i l l i o n

Analytical Research Division, Esso Research and Engineering Company, Linden, New Jersey
Received March 5, 1962

The sedimentation behavior of a system in which pressure and concentration dependence were present has been studied 
as a function of molecular weight, solvent, and speed of centrifugation. Anionically polymerized polystyrene was investi­
gated jn cyclohexane, a poor solvent, at 35°, and in toluene at 25°. Analysis of the data according to the series solution 
of Fujita s differential equation yielded values for the sedimentation coefficient, at zero concentration and atmospheric pres­
sure, the concentration dependence parameter, and the pressure dependence parameter. I t, was found that concentration 
does not contribute greatly to the slope of the sedimentation coefficient vs. time curve within experimental precision. The 
value found for the pressure dependence coefficient agrees with the literature and was not found to be influenced by molecular 
weight or speed of centrifugation.

Introduction
The simultaneous dependence of the sedimenta­

tion  coefficient on hydrostatic pressure and solute 
concentration has been investigated b y  several 
workers in  the past,1’2 both experim entally and 
theoretica lly. H ow ever, the m ost fundam ental 
approach, from  a m athem atical po in t of view , 
was given b y  F u jita .3 A  d ifferentia l equation of 
flow  was proposed fo r the sedim entation behavior 
of a monodispersed, non-diffusing solute, e xp lic itly  
in  term s of the sedim entation coefficient, a t zero 
concentration, a pressure dependence param eter, 
and a concentration dependence param eter.

Th e  equation w hich was set fo rth  was solved 
b y  W ales4 both a n a lytica lly  and w ith  a d ig ita l 
com puter. E va lu ation  of the sedim entation co­
efficient at zero concentration and one atmosphere 
pressure from  experim ental data is possible using 
W ales’ an a lytica l solution o n ly if  the values of the 
pressure and concentration dependence param ­
eters are known, or b y  a curve fittin g  technique.5 
In  a previous pub lication ,6 we have given a solu­
tion  to F u jita ’s equation which w ould perm it the 
direct determ ination of a ll the unknown parameters.

The purpose of th is article  is to show th at veloc­
it y  sedim entation data can be evaluated ade­
quate ly using these solutions. A n  investigation 
has been carried out using near monodispersed 
polym er under va ry in g  conditions of m olecular 
w eight, solvent, concentration, and centrifuge 
ve lo city.

Experimental
Three anionically polymerized polystyrene samples were 

used. Two of these, S-5 and S-10, were furnished through 
the courtesy of Dr. H. W. McCormick of the Dow Chemical 
Co. The other sample, S - l l l ,  was distributed by H. Mark 
under the auspices of the Commission on Macromolecules of 
the IUPAC. All the samples used had a very narrrow 
molecular weight distribution as indicated by the low 
values of M w/Mn given in Table I.

Ultracentrifugation was carried out in a Spinco Model 
E centrifuge equipped with an RTIC temperature control 
unit Polymer solutions using cyclohexane at 35°, a poor 
solvent, and toluene at 25°, a good solvent, were investi­
gated.

During a given run, acceleration was carried out at con­
stant current until the desired speed was reached. The

T a b l e  I
P o l y m e r  M o l e c u l a r  W e ig h ts

Sample Mw X 10- 5 Mw/M,
S-57 0.975 . .

S-107 2.51 1.04
S - l l l8 2.39 1.08

automatic camera was started when the speed had reached 
V 3 its final value and the zero time of sedimentation was 
taken at this point.9'10

Sedimentation rates were studied as a function of solute 
concentration and in the case of one polymer sample, S - l l l ,  
as a function of angular velocity. In studying the effect 
of velocity, only the behavior in a poor solvent was investi­
gated . Solutions were prepared and the run at highest speed 
usually was made first. Upon completing a run, the cell 
was removed from the rotor and placed on a wrist-action 
shaker. The cell was shaken very gently under a heat lamp 
until the polymer was all dispersed and then run at another 
speed. This procedure was repeated until all the runs at 
that particular concentration were carried out.

The position of the maximum of the refractive index 
gradient was measured using a Gaertner toolmaker’s micro­
scope. Although some diffusion was apparent during sedi­
mentation, it has been assumed11 that the maximum may 
be used in place of the boundary position measured from 
the second moment.

Calculations and Results
Th e  solutions to F u jita ’s equation6 were expressed 

in  the form  of a series, in  w hich the independent 
variab le was either tim e or position of the boundary 
from  the center of ro ta tion . In  th is article  we w ill 
deal o n ly w ith  the form  given b y  eq. 1, although 
the results are the same when the other variab le is 
used.

In  r/n _  ¿>0°
wH ~  1 +  a

m (2 a  +  1 ) -  a  S00 
1 -\- a. 1 -j- cl

X  CoH~ ( 1 )

In  eq. 1, r  is the radial distance of the boundary, 
ru is the radial distance of the meniscus, t is the 
tim e, o> is the angular ve lo city, and S0° is the sedi­
m entation coefficient at one atmosphere pressure 
and in fin ite  d ilu tion . The definition fo r a, the 
concentration dependence param eter, is given  b y

(1) J. Oth and V. Desreux, Bull. soc. chim. Beiges, 63, 133 (1954).
(2) H. G. Elias, Makromol. Chem., 24, 30 (1959).
(3) H. Fujita, J. Am. Chem. Soc., 78, 3598 (1956).
(4) M. Wales, ibid., 81, 4758 (1959).
(5) M. Wales, J. Polymer Sci., in press.
(6) T. H. Billiek, J. Phys. Chem., 66, 565 (1962).

(7) H. W. McCormick, J. Polymer Sci., 36, 341 (1959).
(8) H. Mark, data accompanying distribution of sample.
(9) E. G. Pickels in “ Methods of Medical Research,”  Vol. 5, A. C. 

Corcoran, Ed., Year Book Publishers, Chicago, 111., 1953.
(10) R. Trautman, J. Phys. Chem., 60, 1211 (1956).
(11) H. Fujita, J. Chem. Phys., 24, 1084 (1956).
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Fig. 1.— Change of apparent sedimentation coefficient 
with time of centrifugation of polystyrene S-10 in cyclo­
hexane, 35°, at various concentrations; ultracentrifuge 
speed was 59,780 r.p.m.

S° = So0

1  +  a

<So°
1  -f- kCo

(2 )

where k is a constant and C0 is the in itia l concentra­
tion . L ike  the value of a, m, the pressure de­
pendence param eter, varies from  experim ent to 
experim ent and is defined as

m =  (3)

where p0 is the density of the solvent and p is a 
constant characteristic of the solu te -so lvent sys­
tem.

Values fo r S00/ (1 +  a) could be obtained b y  p lo ttin g  
S vs. co2t and extrapolating to zero. H ow ever, th is 
method of calculation suffers from  a lack of pre­
cision fo r tw o reasons. F irs t, the experim ental 
setting of zero tim e suffers from  lack of precision. 
Second, a decrease in  precision results from  the use 
of a p lo t of In  r/r0 vs. coH and extrapolating to 
zero. The d ifficu lty  in  a procedure of th is type 
has been am ply discussed b y  B a ld w in 12 fo r the 
case of concentration dependence alone, b u t the 
situation in  our case is the same. F igure  1 il ­
lustrates a p lo t of S vs. co2t, but o n ly serves to 
illustrate  the m agnitude of the change in  S w ith  
tim e.

(12) R. L. Baldwin, Biochem. 65, 503 (1957).

Fig. 2.— Concentration dependence of the pressure cor­
rected sedimentation coefficient: solid lines for polystyrene 
in cyclohexane at 35°; dotted line for polystyrene S-10 in 
toluene.

T o  increase the precision, we have rew ritten  
eq. 1 in  the form

In r =  In  r0 +  SacoH — B(co2f)2 -|---------(4)

and have calculated the values of S° and B b y a 
least squares procedure.

Th e  calculations were carried out, using a pro­
gram  w ritte n  in  Fortran , on an IB M  7060 com puter. 
The values of S° and B do not invo lve  the measured 
value of r0 and are not influenced b y  sm all errors 
in  the absolute value of t. D eta ils of th is method 
of calculation w ill be presented elsewhere.

T yp ic a l results obtained b y  th is procedure are 
given in  Table  H a  fo r cyclohexane solutions and 
in  Table  l ib  fo r toluene solutions. A s  a result of 
the least squares calculations, we also have obtained 
values fo r the standard errors of estimate of S° 
and B. These figures, w hich give a rough estim ate 
o f the precision, also are included in  the tables.

I f  the orig ina l assumption regarding the con­
centration dependence holds, a p lo t of 1/5° vs. Co 
should be linear and independent of ve lo c ity . 
F igu re  2 illustrates the concentration dependence 
and it  is apparent th a t th is assumption holds fo r 
both solvent systems. O n ly  points obtained a t 
59,780 and 50,740 r.p .m . are included in  F ig . 2;
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T a b l e  H a

Sample
s -io

S - l l l

Sam ple

s -io

Se d im e n t a t io n  D a t a  f o r  P o l y s t y r e n e  in  C y c l o h e x a n e
Speed, Concn., s°. Stand. Stand.
r.p.m. g./100 ml. sved. error B error m X  10»

5 9 ,7 8 0 0 .7 8 6 .7 0 0 .0 1 3 4 .6 0 .4 0 .7 7 0 .8 0 1 .4
.38 7 .2 7 .01 3 7 .2 .4 .70 .73 1 .7
.15 7 .9 2 .17 5 1 .6 6 .2 .82 .83 1 .5
.09 7 .6 6 .10 3 8 .6 4 .8 .66 .66 1 .2

5 9 ,7 8 0 .44 6 .5 1 .01 2 9 .2 0 .5 .69 .72 1 .3
.27 7 .0 2 .01 4 0 .1 .4 .81 .83 1 .4
.11 7 .0 5 .02 3 3 .8 .5 .68 .69 1 .2

4 4 ,7 7 0 .44 6 .7 1 .01 2 0 .6 .5 .46 .51 1 .7
.24 7 .0 6 .01 2 3 .1 .4 .46 .50 1 .7
.11 7 .3 3 .08 2 7 .4 4 .0 .51 .52 1 .6

2 9 ,5 0 0 .44 6 .8 5 .08 1 0 .7 4 .7 .23 .30 2 .3
.16 7 .3 0 .21 1 4 .6 1 .6 .27 .30 2 .3
.11 7 .5 9 .12 2 5 .8 7 .0 .45 .46 3 .4

T a b l e  l i b
Se d im e n t a tio n D a t a  f o r  P o l y st y r e n e in  T o lu e n e

Speed, Concn., Stand. Stand. n
r.p.m. g./100 ml. sved. error B error m X  109

5 9 ,7 8 0 0 .7 8 3 .0 0 0 .0 2 5 .6 0 .3 0 .6 3 0 .7 6 1 .2
.53 3 .5 5 .01 7 .1 0.1 .56 .69 1 .1
.27 4 .5 5 .05 1 2 .2 1 .1 .59 .68 1 .1
.09 5 .4 8 .11 1 3 .4 3 .6 .45 .50 0 .8

however, values of the sedim entation coefficient of 
S - l l l  obtained a t lower velocities also fa ll on the 
curve shown, w ith in  experim ental error, but they 
have been om itted fo r the sake of c la rity .

The values fo r the sedim entation coefficient at 
zero concentration and pressure obtained b y  a least 
squares analysis of the data given in  F ig . 2 are 
listed in  Table  I I I .  A s  has been reported pre­
v io u s ly ,7’13 the value fo r k in  a poor solvent is much 
less than th at found in  a good solvent.

T a b l e  III
C o n c e n t r a t i o n D e p e n d e n c e o f  P o l y s t y r e n e

Ä", k
S olvent Sam ple sved . 100 m l./g .

Cyclohexane S-5 5.01 0.19
S - l l l 7.38 .27
S-10 7.93 .24

Toluene S-10 6.19 1.37

Fig. 3.— Log-log plot of SSmax, in cyclohexane, vs. M „ :  
filled circles, data of Wales3; open circles, this work.

Once a value of k is know n, the slope of eq. 2 
can be corrected fo r radia l d ilu tion  effects and 
to or ti can be calculated. Th e  contribution  of the 
concentration dependence to the slope is not large as 
can be seen from  the data given in  Tables H a  and 
lib .  Th e  values fo r B/(S0) 2 are a function of 
both pressure and concentration dependence accord­
ing to eq. 5. These data can be compared w ith

presented in  Table  IV . The results fo r ¡i were 
obtained b y  averaging the data a t constant speed, 
but va ryin g  concentrations. The standard devia­
tion , <r, of the data is included in  the table to in ­
dicate the precision.

T a b l e  IV
P r e s s u r e  C o r r e c t i o n  C o e f f i c i e n t  f o r  P o l y s t y r e n e

B / ( s ° y
TO (2a +  1) — a  

1  -J- a (5)
Solvent

Toluene

values for to w hich are characteristic of the pres­
sure dependence alone. Since to varies from  ex­
perim ent to experim ent, values of p calculated 
according to eq. 3 are also given.

A  sum m ary of the values of ¡x obtained under 
the va ry in g  experim ental conditions of m olecular 
w eight, solvent, and speed of centrifugation is

(12) I I . J. C a n tow , M a k ro m o l. C h em ., 30, 169 (1959).

Speed, ß <r
Sam ple r.p .m . X  10» X  10»

S-10 59,780 1.05 0 .1 3
S-10 59,780 1.37 .19
S-5 59,780 1.48 .14
S - l l l 59,780 1.33 .09

50,740 1.54 .14
44,770 1.60 .14
39,460 1 .6 8 .14
35,600 1.78 .32
29,500 1.78 .86
24,630 2.25 1.94
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D iscussion of Results
U sing previously derived equations, we have cal­

culated n, the pressure dependence coefficient, 
d ire c tly  from  sedim entation measurements. The 
final values of n were obtained after correction for 
concentration dependence, w hich tends to increase 
the sedim entafion coefficient w ith  tim e, an effect 
opposite to th at of pressure. The m agnitude of the 
contribution  of the concentration dependence to 
deviation of the sedim entation coefficient a t zero 
tim e can be seen from  a com parison of columns 8 
and 9 in  Tables l ia  and lib .

In  cyclohexane at 35°, a poor solvent, the con­
centration dependence is sm all. A t  a concentration 
of 0.44 g./100 m l., B/(S°)2 is o n ly  about 4 %  lower 
than to, at the highest ve lo city. The influence of 
concentration increases, as one w ould expect, w ith  
decreasing speed and w ith  an increase in  the value of
k. Thus, in  cyclohexane a t 29,500 r.p .m . and a 
concentration of 0.44 g./100 m l., to is 13% higher 
than B/(S0) 2. In  toluene, a good solvent, to is 
greater than B/(S°)2 b y  12% even a t top speed.

A lthough  th is effect of concentration on the slope 
is apparent in  each ind ividu a l case, i t  should be 
noted th at the correction is of the order of the pre­
cision of the determ ination. In  fact, a t high speed, 
where the pressure correction is m ost im portant, 
the correction fo r concentration can be ignored, 
w ith in  experim ental error, fo r the poor solvent sys­
tem and probab ly in  the good solvent, as w ell.

I f  there is any effect of speed of centrifugation, 
or, to a lim ited extent, m olecular w eight on /x, the 
data presented in  Table  IV  do not show any indica­
tion  of a trend. I t  is p robab ly safe to  conclude 
from  our results th a t the values of ¡x obtained for 
polystyrene in  cyclohexane agree w ith in  experi­
m ental precision regardless of the conditions of 
speed or m olecular w eight.

A lthough  the defin ition3 of /x has been given in  
terms of the varia tion  of the frictio n a l coefficient 
w ith  pressure, it  has been the practice1 to use the

coefficient describing the pressure change of the 
solvent viscosity in  its  place. Fo llow in g  th is pro­
cedure and using the values fo r th is coefficient and 
the com pressibilities of the solvent summarized b y 
B a ldw in  and van H olde,14 and a value fo r the com­
p re ssib ility of polystyrene found b y Cheng and 
Schachman,16 p has been calculated.

F o r the polystyrene-to luene system , a value of p 
=  1.0 X  10 ~9 was calculated and for p o lystyre n e - 
cyclohexane, p — 2 X  1CD9. The value w hich 
W ales found5 b y  his curve fittin g  technique for 
polystyrene-cyclohexane was p =  2.2 X  10 ,J. 
In  lig h t of the precision of our data, the agreement 
m ay be considered to be ve ry  good.

The com p a tib ility of our approach w ith  th a t of 
W ales5 is shown b y  p lo ttin g  log S0°max obtained b y  
both techniques vs. the log M w, as shown in  F ig .
3. Even  though W ales’ results were obtained at 
34°, F ig . 3 w ill serve to illu stra te  th a t the two 
methods appear to be consistent.

F in a lly , it  can be seen from  eq. 4 th at a knowledge 
of /x is not needed to obtain the sedim entation 
coefficient independent of pressure H ow ever, 
knowledge of p is necessary to calculate S° at some 
po in t in  the cell, such as in  boundary spreading 
analysis. In  such a case, p can be obtained d ire ctly 
from  the ultracentrifuge experim ent w ith  sufficient 
accuracy to correct the data for the effects of pres­
sure.

D IS C U S S IO N
R . T b a u tm a n  (Plum Island Animal Disease Laboratory, 

USDA).— Did the true zero sedimentation time show a 
systematic deviation from the time at 2/s  operating speed? 
Would this be less in a non-pressure dependent system?

I. H. B il l ic k .— The zero time correction was randomly 
scattered both positively and negatively about the time at 
2/z operating speed. For the most part the correction was 
less than 1  min. I doubt that the fact the system is pres­
sure dependent would have any effect. 14 15

(14) R. L. Baldwin and K. E. van Holde, Fortschr, Hochpolymer. 
F o r s c h 1, 451 (1960).

(15) P. Y. Cheng and H. K. Schachman, J. Am. Chem. Soc., 77, 1498 
(1955).
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FLOTATION EQUILIBRIUM IN THE ULTRACENTRIFUGE
B y  J . A . F a u c h e r  a n d  G . K e g e l e s

Union Carbide Chemicals Co., South Charleston, W. Va. and Clark University, Worcester, Mass.
Received March 5, 1962

For the case of flotation equilibrium in the ultracentrifuge it is shown that the dc/dx curve has a maximum which does 
not occur in sedimentation equilibrium. The existence of such a maximum allows a new method of calculating the molecular 
weight. Calculations for a monodisperse system indicate that well defined peaks are best formed at speeds of 10,000 r.p.m. 
or greater and occur at distances of 0 to 2 cm. from the axis of rotation. For polydisperse systems the peak is related to a 
molecular weight which lies between the z and z +  1 averages when an extrapolation to infinite speed is made. It should 
be noted that the peaks described here are not observable in conventional ultracentrifuges, which are limited to the range 
of 5 to 7 cm. from the rotational axis. In order to perform experiments utilizing such peaks, it will be necessary to modify 
rather radically the existing commercial instruments.

In troduction

Th e  th eory and operation of the ultracentrifuge 
have been so fa r alm ost e n tire ly devoted to  the case 
in  w hich the dissolved substance is denser than the 
solvent and consequently sinks upon application 
of a strong centrifugal field. R ecently, w ith  the 
advent of interest in  such lig h t polym ers as p o ly­
ethylene, it  has become v ir tu a lly  necessary to 
ca rry out u ltracentrifuge experim ents in  w hich the 
solute floats rather than sinks.

A t  first sight, the analysis of such a situation 
should invo lve  no new points of view  but on ly 
m inor and obvious changes in  the m athem atical 
apparatus w hich  is used to  calculate m olecular 
weights. H ow ever, in  closely exam ining th is case 
we have found th a t there is indeed a fundam ental 
difference, one w hich appears to  a llow  a new m ethod 
fo r calculating the m olecular w eight, both in  m ono- 
and polydisperse systems. T h is  difference lies in 
the character of the dc/dx vs. x curves fo r the tw o 
cases.

Th e o ry.— I f  we consider the process of sedimen­
ta tion  equ ilibrium , in  w hich the speed is kept low  
enough so th at a separate peak is not form ed, the 
observed schlieren pattern is given b y  the solid line 
in  F ig . 1. (A c tu a lly  w ith  schlieren optics one sees 
dn/dx vs. x, but we m ay assume dn/dx =  k dc/dx.) 
W ith  a conventional u ltracentrifuge we can observe 
o n ly a lim ited  extent of the x  values— generally 
5.7 to  7.2 cm .— b ut it  is clear th a t the over-a ll dc/ 
dx curve is a m onotonically increasing function of 
x, as shown b y  the dotted portion  of F ig . 1.

In  the case of “ flo tation  equ ilibrium ” shown in  
F ig . 2, the observed dc/dx curve (solid line) is the 
reverse of th a t in  F ig . 1. (Since c is decreasing 
w ith  increasing x it  is convenient to p lo t —  dc/d:r 
here. O ften k is found to be negative fo r such sys­
tems, so th a t dn/dx rem ains positive and d irectly 
observable w ith  no alteration  of the optics.) 
H ow ever, from  eq. 1 below it  is evident th a t dc/dx 
m ust approach zero a t the center of rotation. 
Th us the complete ( —  dc/dx) curve m ust look like 
the dotted line of F ig . 2. T h e  im portant po in t is 
th a t in  th is  case there m ust be a m axim um  in  the 
— dc/dx function, i.e., a place where d2c/dx2 is zero. 
T h is  fact, w hich does not appear to  have been 
noted e xp lic itly  before, is the basis fo r the follow ing 
developm ent.

W e start w ith  the w ell known equation of sedi­
m entation equ ilibrium  fo r a single solute species in 
an ideal solution

d e ,  M  ¡C i(l —  Vp)u2x 
da; RT

where the sym bols have th e ir custom ary meaning. 
T h is  is applicable to both sedim entation and flo ta ­
tion . D ifferen tia ting both sides w ith  respect to  x 
we have

d 2Ci M  ;(1 -  Vp)  O)2

dx2 ~ RT
c i

dc;

dx
(2 )

Substitute dci/d.r from  (1) in to  (2)

d 2C; M iCi(  1 -  F p V  
dx2 ~ RT

1  +  M i
(1 -  Vp) o h ?

RT
(3)

From  the argum ent above'— see F ig . 2— there is a 
point, x*, on the dc/dx curve where d2c/dx2 is zero. 
Consequently, we m ay set eq. 3 equal to zero at 
th at po in t, obtain ing

M i  =
—RT

G  -  vp)u2(x*y (4)

T h is  is the new method fo r calculating m olecular 
w eight mentioned in  the In troduction . W e see 
th a t in  principle o n ly  a single measurement of the 
appropriate x value is necessary to determ ine the 
m olecular w eight of the solute.

In  general, peaks in  the dc/dx curve are not ob­
servable in  the conventional u ltracentrifuge be­
cause th ey are form ed rather close to  the center of 
ro tation . How ever, it  is easy to  calculate the 
shape of the schlieren pattern , at least fo r a m ono- 
disperse solute. Th e  equation fo r the equilibrium  
concentration at any po in t is given  b y  the relation 
(ref. 1, eq. 4)

_  AMcpjxb2 —  ayp exp[ — A M (xh2 — x2)]
C('i}  “  1 -  exp[ — A A f(:rb2 -  a;a2]

(5)

where c0 is the in itia l concentration, a-b and x& are, 
respectively, the bottom  and the meniscus posi­
tions, and A =  (1 —  Vp)co2/2RT. Th e  dc/dx 
function is obtained b y  d ifferentiation of (5)

dc 2A2xM 2c0(xh2 — x j )  exp [ - i l ( i b 2 —  x2)] 
dx 1 — exp [— AM ( x b 2 —  x &2) ]

(6)
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A s an example we shall consider a hypothetical 
polym er whose m olecular w eight is 10,000, (1 — 
Vp) =  — 0.746, and T =  373°K. These numbers 
are rou gh ly those fo r the flo tation  of polyethylene 
in  bromobenzene. Fu rth er, we shall use an im agin­
a ry  cell whose bottom  is a t .rb — 10 cm. and the 
meniscus on the center of rotation, x& — 0. Figure 
3 shows the form  of dc/dx curves fo r R/o>2 =  200, 
100, and 50, corresponding to about 6200, 8700, and 
12,300 r.p .m . I t  is apparent th a t the peak be­
comes larger and sharper as the speed increases. In  
th is process, however, it  moves v e ry  close to the 
center of ro tation , being at 1.5 cm. fo r 12,300 r.p.m .

So fa r we have considered o n ly  a monodisperse 
system. I t  is of interest to  generalize to  the p o ly - 
disperse case b y summ ing eq. 3 over a ll species.

y ,  d-c; d 2c (I — Vp)ci)~ 
i c h i2 =  d£2 =  R T ~

£  M ,c, +
;c2( l  -  P p)u *

RT
£  d /F c i (7)

N ow , in  general, although each species has its 
own po in t, x* where d 2Ci/da;2 is zero, nevertheless 
fo r a reasonably sharp d istribu tion  one m ay expect 
th a t the summ ation of the ( —  dc\/dx) curves w ill 
show a single peak. A t  th is po in t d^c/dx2 w ill be 
zero and the equation holds

£  M ?c ,(**)
i____________

£  M id (x * )
i

- R T
(1 -  Ÿ p W ( x * ) 2

M n . (8)

Th us the position of the peak leads to the so- 
called z-average of the (redistributed) solute a t the 
particu la r po in t x*. A c tu a lly  eq. 8 is im p lic it in 
the classical paper of Lansing and K raem er.1 
T h e ir eq. 12 in  our sym bols reads

4 /  7. y
d 2c
da; 2

RT

( 1  -  V pW x
dc
cb_

RT
( 1  -  V pW i 2

(9)
A t  the po in t x *, where d 2c/da;2 is zero, th is sim­

plifies a t once to give (8).
A lth ough  the M z%* given b y  (8) is not an average 

of the orig ina l sample, nevertheless the existence of 
a peak perm its a v e ry  simple determ ination of Mz 
of the redistributed m ateria l. A n  increase of speed 
causes the position of the peak to  move closer to the 
center of rotation. In  the lim it, as x* approaches 
zero, M 7,x* can be related to the o rig ina l sample in 
the fo llow ing w ay.

W e start b y  assuming a continuous d istribu tion  
of m olecular weights, f(M ). F o r th is case it  is 
easily shown2 th a t the concentration a t any po in t 
in the cell is given b y

c(x) =  CoA(rb2 —  Za2)
M f(M ) exp [—M A (xb2 —  x2)]dM  

1 —  exp[ —  M A(xb2 —  avO]
0 0 )

x — -
Fig. 1.—Schlieren pattern for sedimentation equilibrium.

x ——
Fig. 2 .—Sehlieren pattern for flotation equilibrium.

Fig. 3.—-Flotation of a species with molecular weight of 
10,000  at different speeds.

T h is , of course, is ju st the polydisperse analogy 
of eq. 5. Th e  dc/dx and d 2c/d:c2 functions are ob­
tained b y  d ifferentiation of eq. 10. W hen they 
are substituted in to  (9) we obtain

£

/ ;

M 3f(M ) exp[ —  M A(xh2 — x 2)]dM  
1 —  e xp [— MA(xb2 —  x/2)] 

M 2f{M ) exp [— M A  Qrb2 -  x2))dM  
1 —  e xp [—  MA{xb2 —  xa2)]

( I D

T h is  holds fo r any po in t in the cell. W e now
(1) W. D. Lansing and E. O. Kraemer, J. Am. Chem. Soc.f 67, 13G9 

(1935)-
(2) J. W. Williams, K. E. Van Holde, and R. 

Iiev., 58, 715 (1958), see eq. 91.
Baldwin, Chem.
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take xa to be zero, m u ltip ly  num erator and de­
nom inator of each integrand b y  exp(M A:Cb2) and 
consider the po int, x*, where the peak is formed

M zx*

M 3/(M ) exp [A M  Or*)2] d M  
cx 'p (M A x b 2) — 1

M »/(M ) exp [MA (a;*)2] dM  
cxp(M Axh2) —  1

« , - / ; / (  M m  f

=  J*o“ M /(M )d M / f j  f(M ) d M , etc.,

it  is easily shown that for an exponential d is tri­
bution

2A(x*)2 v
T o  make fu rther progress we m ust now consider 

a specific d istribu tion  function fo r/ (M ). F o r th is 
purpose let us take the so-called exponential dis­
trib u tio n 3

/ k \*+1 M fc

which is norm alized so th a t f(M )dM  =  1. 
Th e  integrals in  (12) now can be done e xp lic itly

M w 1 T  r  ) Mq, M 7 — ( 1 -¡- -  ) M 0, and
k k

M z + i — ( 1  +  ^ ] M 0

Hence we see th a t cq. 15 describes a sort of 2  +  !/2 
average defined b y

M zx* — M 1+ i /2
J 0” M V 7 (M ) dM  

/ 0” M 3/7 (M ) dM

M z.
- 1

2A(x*)2
(3  +  ¿o r ( r +  i» s)
( — H x b2) £(r, s)

where for s im p lic ity we have w ritte n  r =  3 +  k 
and s =  [ —  A (x*)2 +  k/Mt\/—A xb2 and £(r> s)

V  ____1___
m = 0 (m  +  *s) r

is the generalized Riem ann zeta

function .4 A s the speed of rotation  increases indef­
in ite ly  x* approaches zero w hile —A approaches in ­
fin ity , but the product —  A (x*)2 approaches a lim it. 
W e obtain

L im  M zx* Lim
x *—*-0

-1
2 A{x*y.

L im
x*—►O

(3 +  k)

-A ( x * y
k

Mo

(14)

since as s —► 0 f  (■/•, s) ~  s~". Th us it  is clear that 
the product —A (x*)- approaches the lim it k/ (5 +  
12/c)71/0, and hence

Lim  M zx* =  71/0 ( 1 4- 'q /»') (15)
r*—K) \ "  /

W ith  the usual definitions
(3) D. S. Villars, J. Polymer Sri., 21, 205 (195G).
(4) E. T. Whittaker and G. N. Watson, “ A Course of Modern Analy­

sis,”  Cambridge University Press, 1950, Chapter XIII.

A lthough  the lim it of M z%* as x* 0 is equal to the 
2  +  V 2 average fo r any exponential d istribu tion , 
th is does not seem to be exact fo r a ll other d is tri­
butions. How ever, numerous sample calculations 
have indicated th a t fo r other d istributions th is 
relation is ve ry  nearly true. I t  thus appears th at a 
determ ination of the lim itin g  value of M zx* should 
be a rather sensitive test of po lyd ispersity in  a 
whole polym er or polym er fraction.

In  conclusion, we should like to note th at al­
though we have reason to be confident of the calcu­
lations made here, it  must be emphasized th at the 
peaks described have not ye t been observed ex­
perim entally. The most com pelling reason for 
th is is that the usual com mercial centrifuges do not 
perm it data to be obtained at x values so near to 
the center of ro tation . T h is  appears to be pure ly 
an experim ental problem . M achines to observe 
these peaks undoubtedly can be b u ilt if  there is 
enough m otivation  to do so. _ W e believe th at the 
s im p lic ity of determ ining M(x*) or Mzx* from  
measurements of the x position alone should pro­
vide such m otivation . There remains, of course, a 
further practical problem  in  that it  m ay take some 
tim e for the equilibrium  peak to form , p a rticu la rly 
in  a region where the field is rather weak.5

(5) For non-ideal systems all these conclusions imply extrapolation 
to very low concentrations. Experimentally, when the shape of the 
normalized curve, Fig. 3, becomes independent of concentration at a 
given speed and temperature, non-ideality has been extrapolated out.
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MOLECULAR WEIGHT DETERMINATIONS WITH A MAGNETICALLY
SUPPORTED ULTRACENTRIFUGE1

B y  P . E . H e x n e r , R . D . B o y l e , a n d  J . W . B e am s

Department of Physics, University of Virginia, Charlottesville, Virginia 
Received March 1, 1962

A magnetically suspended ultracentrifuge has been used to determine the molecular weights and related properties of 
various substances. Techniques are described which make this apparatus particularly suitable for equilibrium studies of 
macromolecules in the 10 5 to 10 7 molecular weight range.

Th e  equilibrium  method is generally considered 
to be the m ost reliable of the several centrifuge 
techniques fo r m olecular w eight determ inations 
and related problems because it  is based upon 
rigorous equ ilibrium  therm odynam ic th e o ry .2 
In  fact, in  the case of large macromolecules of 
unknown shapes, p a rticu la rly  w ith  synthetic p o ly­
mers, the equ ilibrium  m ethod is probab ly the on ly 
centrifuge technique w hich yie lds d irect m eaningful 
results. The principa l practical disadvantage has 
been the long centrifuging tim e required fo r equi­
lib rium  to  take place. H ow ever, in  recent years 
th is problem  essentially has been solved through 
the use o f one or a com bination of three techniques 
for effectively reducing the equ ilibrium  tim e.

Th e  first is the use of short u ltracentrifuge cell 
columns as discussed b y V a n  H olde and B a ld w in 3 
and illustrated b y  Y p h a n tis4 and others. In  
general the tim e required to  reach equilibrium  is 
proportional to  the length of the colum n squared. 
Secondly, a considerable decrease in  the tim e re­
quired to  reach equ ilibrium  is found both experi­
m entally6'6 and theoretica lly7 in  the case where the 
ro to r speed is ve ry  slow ly decreasing. T h ird ly , 
the in troduction  of a predeterm ined step function 
reduction in  angular speed was found to  reduce 
grea tly the centrifuging tim e w ith ou t sacrifice 
of accuracy.8

Experim ental
An improved magnetically suspended ultracentrifuge has 

been described in detail elsewhere,5'6 so only its essential 
characteristics need be mentioned here. The rotor is 
magnetically suspended in a vacuum and “ coasts”  freely 
during the sedimentation experiments. It loses less than 
one part in 10 8 of its speed per second when the pressure 
surrounding the rotor is between 10 ~6 and 10 “7 mm. For 
rotor speeds of 100  r.p.s. as used in some equilibrium cen­
trifugation, this amounts to less than Vio r.p.s. per day. The 
rotor may be accelerated or decelerated during an experi­
ment by a detachable high speed electric motor. The rotor 
is free of all hunting, and its speed is measured routinely to 
better than one part in 105. The rotor temperature is con­
stant and known to at least one part in 104. The centrifuge

(1) Supported by N. I. H. Grant and Navy Bureau of Weapons 
Grant.

(2) (a) T. Svedberg and K. O. Pedersen, "The Ultracentrifuge,”
Oxford University Press, New York, N. Y., 1940; (b) H. K. Schach-
man, "Ultracentrifugation in Biochemistry,”  Academic Press, New 
York, N. Y., 1959.

(3) K. E. Van Holde and R. L. Baldwin, ./. Phys. Chem., 62, 734 
(1958).

(4) D. A. Yphantis, Ann. N. Y. Acad. Sci., 88, 586 (I960).
(5) J. W. Beams, R. D. Boyle, and P. E. Hexner, J. Polymer Set., 

57, 161 (1962).
(6) J. W. Beams, R. D. Boyle, and P. E. Hexner, Rev. Sci. Instr., 32, 

645 (1961).
(7) W. J. Archbald, private communication.
(8) P. E. Hexner, L. E. Radford, and J. W. Beams, Proc. Natl. Acad. 

Sci. U. S.. 47, 1848 (1961).

may be used either for sedimentation equilibrium or velocity 
of sedimentation experiments, although its principal use has 
been for the former. The maximum speed is set only by the 
strength of the rotor and the minimum can be made as small 
as desired, since stability :s independent of the speed.

One type of ultracentrifuge cell used is shown in Fig. 1. 
It contains two sector-shaped compartments, has a depth of 
1 cm., and is 2.7 cm. in diameter. Circular shaped cells have 
also been used in this Laboratory as well as circular and 
sector-shaped multichannel cells which permit multiple 
determinations during the course of one experiment. The 
one-piece cells are made of either anodized duralumin or 
Kel-F. It is to be noted that pressure is applied to the quartz 
or glass windows normally by five pressure screws, which 
eliminates distortion of the windows often found when they 
are tightened using screw caps. Although it is much easier 
to construct circular or rectangular rather than sector­
shaped compartments and the equilibrium concentration 
distribution is theoretically independent of the shape of the 
cell, the sector-shaped compartments have been found to be 
much preferable. This probably is due to convection cur­
rents set up in the non-sector-shaped cells which are easily 
observed with the associated optical system.

The sedimentation in the cell is measured by a Jamin type 
interferometer which is used with parallel light as shown in 
Fig. 2. Two light sources at equal optical distances from 
the lens Li can be alternated during an experiment by placing 
the mirror M w into or out of the beam. One is a 1500-watt 
projection lamp which serves as a white light source and the 
other a 12 0 0 -watt mercury arc lamp which is used with a 
filter as a monochromatic light source. The lens Li focuses 
the light on the “ chopper”  slit K ' mounted in the rotor with 
its length along the radius. The light is then focused by the 
lens L2 on a small hole Si. This provides a small point 
source. The lens L3 renders the light parallel which is re­
flected from M<, limited by the slit S2 before incidence upon 
the first Jamin plate Ii. The Jamin plate splits the light into 
two parallel displaced beams. Each of the beams passes 
through a sector compartment of a compensating ultra­
centrifuge cell Kj, then through a compartment of an identi­
cal cell K 2 mounted in the rotor, and impinges on a second 
Jamin plate I2 where the two beams are reunited. Ii and I2 
are matched glass interferometer plates 30% silvered on the 
front and 100% silvered on the back. The light is then 
focused by L4 on spectroscopic plates which are sensitive in 
the spectral region used. Each of the two identical cells, Ki 
and K 2, contains two sector shaped vacuum tight compart­
ments side by side, one of which contains the solvent and the 
other the solution. The cells are so placed that the light 
beam which traverses the compartment in Ki containing the 
solvent passes through the compartment in K 2 containing 
the solution and vice-versa.

The optical system is adjusted, while the rotor is at rest, 
using the monochromatic light source. The fringes are ac­
curately aligned parallel to the radius of the cell and made 
very broad. White light is then substituted for the mono­
chromatic light and the Jamin plates are further adjusted to 
give a single broad white light fringe which covers the entire 
field of view on the plate P. This is possible because the 
optical paths of the two beams between L and I2 are equal. 
The centrifuge is then started and the concentration gradient 
produced in the compartment of K 2 containing the solution 
will give rise to fringes w'hiea lie along lines of constant radial 
distance if the adjustment of L and I2 is done properly. 
These fringes and the cell K 2 are in accurate focus on the 
photographic plate P; i.e., there is a point to point corres­
pondence between cell and fringes which immediately shows 
any convection in the cell if it exists. The change in con-
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centration Ac in the cell is given by the relation Ac = (\/KL) 
An where K  =  Au/Ac, L is the thickness of the cell, \ is the 
wave length of the light, Am the change in refractive index 
of the solution under test, and An is the number of fringes 
produced on the plate. Also, X An =  L Am . K  is measured 
outside the centrifuge by a differential refractometer or a 
Michelson type interferometer. The position of the fringes 
on the plate P are measured by a comparator and a special 
microphotometer. From these measurements of the posi­
tions of the fringes produced by monochromatic light, the 
change in concentration between any two points in the cell is 
determined. The position of the central white light fringe 
gives the position in the cell where the concentration is the 
same as the initial uniform concentration c0 in the cell before 
the centrifuging is started. Consequently, with the known 
value of Co, the concentration cr at every point in the cell 
can be determined. Also, it should be noted that with this 
optical system little or no extrapolation to the ends of the 
cell is required.

When equilibrium is obtained in the centrifuge cell K 2, 
for dilute solutions, the molecular weight M  is given by the 
relation

M  =  2RT  In (co/sM/Q
47r W 2 ( 1  — vp)(rì2 — r i2) ^

where and c2 are the concentrations at the radial distances 
n  and r2 in the ultracentrifuge cell, T is the absolute tem­
perature, R is the gas constant, / i  and / 2 are activity co­
efficients, p is the density of the solution, v is the partial 
specific volume, and N  is the number of r.p.s. For an ideal 
monodisperse dilute solution eq. 1  becomes

c0AM(l)2 —  a2) exp ( —  AM (b2 — r 2))
1 —  exp ( —  AM (b2 —  a2))

where A =  (1 — Vp) 4?A N 2/2RT, b is the peripheral radius 
of the cell, and a is the radius of the top or meniscus in the 
cell. Also

Consequently, a plot of In c vs. r2 gives a straight line for an 
ideal monodisperse solution at equilibrium. In general, if 
the curve is concave upward, polydispersity is indicated, and 
if concave downward, the solution is probably non-ideal. 
From the slope of this line the value of the molecular weight 
can be determined. At the radial distance where cr =  Co, eq. 
2  may be written

1 —  exp ( —AM (b2 —  a2)) =

SECTION A-A
CELL MATERIAL CURALUMINUM

Fig. 1.— Sector-shaped cell.

Fig. 2.— Optical method of measuring sedimentation.

AM (b2 —  a2) exp ( — AM (b2 —  r2))
and the molecular weight is obtained1 9 by solving for M . 
This, of course, does not require waiting for equilibrium to 
be established and can be carried out in a short centrifuging 
time. The position of the “ hinge point”  can be precisely 
determined from two photographs, one with white light and 
one wkh monochromatic light.6'6 Also, it might be noted 
that this “ hinge point”  can be determined by photographs 
taken with two monochromatic, widely separated wave 
lengths such as 5460.74 and 4358.35 A of the mercury arcs, or 
the ruby Laser light 6943 A. and either of the mercury lines. 
Incidentally, the pulsed Laser may be used without the 
chopper slit.

The above measurements give cr as a function of r. From 
these values 5c/dr can be derived. On the other hand, it 
sometimes is desirable to measure dc/dr directly. This also 
can be carried out with the interferometer shown in Fig. 2. 
It will be observed that the light beam is incident on the first 
Jamin mirror L at approximately 45°. This is done to get a 
proper separation of the two beams which pass through the 
two compartments in Ki and K 2. On the other hand, if the 
light is incident normally on Ii then the beams are not 
separated. Consequently, the beams may be made to have 
any separation from zero to at least the distance between the 
centers of the two cell compartments by varying the angle of 
incidence on L and I2 accordingly. If now the distance be­

(9) W. J. Archibald, J. Phys. Chem., 51, 1G02 (1947).

tween the beams is reduced and the plates L and I2 oriented 
so that the two beams are separated in a direction parallel to 
the radius rather than perpendicular to the radius as in Fig. 
2 , then one sees in the field of view images of the two com­
partments of K 2. With proper adjustment, fringes will 
appear in the image of the compartment containing the 
solution if a concentration gradient exists. The number and 
position of these fringes ma<e it possible to determine 
de/dr directly. No fringes should appear in the image of 
the compartment containing the solvent unless distortions 
in the windows occur so that this image serves as a control.

R esults and D iscussion
Th e  method of shortening the tim e required to 

a tta in  sedim entation equ ilibrium  b y a prede­
term ined reduction in  angular speed early in  an 
experim ent has proven to  be m ost useful in  recent 
experim ents w ith  ve ry  large macromolecules. 
A s  reported previously,8 a ribonuclease m olecular 
w eight determ ination cen be reduced w ith  no 
apparent loss of precision from  14 to approxim ately 
2 h r. w ith  a 3 mm. cell Th e  real value of the 
method becomes more apparent w ith  tw o specific 
examples.

A n  18S protein, extracted from  green leaves of 
bean plants, having a m olecular w eight of ap-



1950 P. E. Hexneiî, R. D. Boyle, and J. W . Beams Yol. GG

in

o  9

X
a 8

POLYSTYRENE-CYCLOHEXANE Conen., g./dl.
T a b l e  I

0.4805 179,000
.0903 180,500
.2312 180,100
.4935 179,200

 ̂y' .6110 179,500
s '*  ....  5 5 *C

•A ----4 6 ’ C
'  -----3 5*0 at temperatures other than theta.11’12

0 .1 0.70.3 0.5
c in g./dl.

Fig. 3 . — Plot of 1 / A / a p p  X  108 against concentration for poly­
styrene (M w =  180,000) in cyclohexane at 35, 46, and 55°.

proxim ate ly 2.75 X  105, requires a sedim entation 
equilibrium  tim e on the order o f 5 days w ith  a 3 
mm. cell, at m axim um  perm issible speeds. Even 
though the m agnetically suspended ultracentrifuge 
is w ell suited fo r experim ents of th is duration, the 
sample both dissociates and aggregates after 
prolonged exposure at tem peratures of interest. 
Due to  the po lyd ispersity of the sample, the 
Arch ib a ld  approach to  equ ilibrium  m ethod9 yie lds 
inconclusive results. B y  reducing the ro to r speed 
from  100 to 80 r.p .s ., equ ilibrium  is achieved in
10 hr.

A  sample of polystyrene w ith  a w eight average 
m olecular w eight of 3.5 X  106 in  cyclohexane at 
35° requires 14 days to  reach equ ilibrium  in  a 3 
mm. cell at the m axim um  perm issible speed of 
28 r.p .s. Aga in , the m agnetically suspended 
ultracentrifuge is quite capable of operating for 
th is duration, but a 14 day experim ent is a t best 
inconvenient. U tiliz in g  the “ cut back”  method 
from  28 to 20 r.p .s ., excellent results were obtained 
in  approxim ately tw o days. T h is  sample also 
illustrates the s ta b ility  of the ro to r suspended in  a 
vacuum  of 10-6 T o rr b y the m agnetic field. No 
hunting of the ro to r was observed a t these speeds 
and excellent photographs were obtained a t 20 
r.p .s ., a speed at w hich stable operation of a me­
chanically linked ro to r is ve ry  d ifficu lt.

A  w ell fractionated, essentially monodisperse 
sample of polystyrene, k in d ly  furnished b y  D r.
D . M c In tyre  of the N ational Bureau of Standards, 
has been used extensively w ith  th is apparatus to 
determ ine the accuracy of the “ cut back”  method 
in  the 105 m olecular w eight range and to study the 
behavior o f polym ers in  solutions at tem peratures 
other than th eta .10 Tab le  I  shows the results ob­
tained at 35°, the theta tem perature in  cyclohexane, 
the first experim ent listed being a “ true”  equi­
lib riu m  run  of 36 hr. duration. Th e  other results 
were obtained using the “ cut back”  method in  
approxim ately 5 h r. F igu re  3 shows results ob­
tained at 46 and 55°.

The purpose of the tem perature varia tion  ex­
periments is to determ ine w hether it  is possible to 
find the true m olecular w eight of a polym er b y 
extrapolation to in fin ite  d ilu tion  of data obtained

(10) P. J. Flory, “ Principles of Polymer Chemistry,”  Cornell Uni­
versity Press, Ithaca, N. Y .f 1953.

F igu re  3
________________________  __ . _ _i . depends,
at least in  the case of a re la tive ly  low  m olecular 
w eight and essentially monodisperse polym er, on 
the deviation from  theta tem perature and on the 
accuracy desired. D ata  w ith  th is sample in  ben­
zene at room  tem peratures confirm  the above con­
clusions. Experim ents on a higher m olecular 
w eight polym er w ith  a greater M z/Mw ra tio  are 
now being conducted.

Com parative measurements on the above sample 
have been m ade,13 using an L .K .B . Produkter 
u ltracentrifuge w ith  a Lam m  scale optica l system 
at the N ationa l Bureau of Standards, and a 
Spinco M odel E  u ltracentrifuge w ith  a R aleigh 
interferom etric system at the D epartm ent of B io ­
chem istry of the U n ive rs ity  of V irg in ia  School of 
M edicine. Th e  results are ve ry  encouraging 
although the quantitative  agreement of the 
m olecular w eights is not exact. Th e  dispersion 
of the num erical results w ith  the m agnetically 
suspended ultracentrifuge is much sm aller than 
w ith  the other instrum ents. T h is  is probably 
due to  the d ifficu lty  of measuring the concentra­
tion  gradient near the ends of the cell w ith  the 
Lam m  scale optical system in  the case of the
L .K .B . centrifuge, and to variations in  speed and 
re la tive  in s ta b ility  of the ro to r at low  speeds 
w ith  the particu la r M odel E  used. O n ly  const ant 
angular speed equilibrium  runs were perform ed 
w ith  the L .K .B . The “ cut back” procedure was 
attem pted w ith  the M odel E  and, although rela­
tiv e ly  successful a t higher speeds w ith  samples 
such as ribonuclease, d id  not sign ifican tly reduce 
the equilibrium  tim e w ith  th is sample due to 
stirrin g  during “ cut back” a t low  speeds.

Th e  precision of the m agnetically suspended 
ultracentrifuge has been coupled w ith  a Burroughs 
205 d ig ita l com puter to gain valuable inform ation 
on the m olecular w eight d istribu tion  in  p o ly - 
disperse samples. T h is  essentially is a self- 
consistent guessing procedure made feasible b y 
the ra p id ity  of com puter calculations. In  a system 
of n components, the concentration in  the cell at 
some poin t r from  the center of rotation  at tim e t 
is the sum of the concentrations of the n com­
ponents. Assum ing the same buoyancy and 
specific refractive increments fo r a ll components, 
th is can be w ritten

c(r,t) =  Y  Cí 0,¿) =  Y  A ieXir2 +  Y  Fi(r,t)
i  =  1 i  =  1 i  =  1

where Fi(r,t) — 0 at t — » .
(11) L. Mandelkern, L. C. Williams, and S. G. Weissberg, J. Phys. 

Chem., 61, 271 (1957).
(12) H. Fujita, A. M. Linklater, and J. W. Williams, J. Avi. Chem. 

Soc., 82, 379 (1960).
(13) P. E. Hexner, H. G .  Kim, F. N. Weber, D. McIntyre, L. C. 

Williams, R. F. Bunting, and D. W. Kupke, in press.
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Since the o n ly unknowns in  the above equations 
are c0i and M „ both contained in  Ai, X,, and Ft, 
educated guesses for the unknowns are self- 
consistently programm ed in to  the com puter u n til 
the results agree w ith  the experim ental data. 
I f  an adequate supply of sample is available, a 
series of equilibrium  runs is made to ensure unique­
ness and to preclude the use of the tim e dependent 
term in  the above equation. Excellent results 
have been obtained w ith  th is method on known 
m ixtures and w ith  proteins which have a tendency 
to aggregate.

In  the case where n is ve ry  large, the above 
method is not practical and the problem  reduces to 
solving an in tegra l equation. A  form al solution has 
been found, but p ra c tica b ility  awaits a sample w ith  
a known d istribu tion .

The m agnetically suspended ultracentrifuge has 
yielded excellent results w ith  low  m olecular w eight 
compounds such as sucrose, raffinose, ribonuclease, 
insulin, lysozym e, and others.5614 Its  greatest 
potential, however, seems to  be in  the field of large 
macromolecules of unknown shapes due to  the ex­
treme s ta b ility  of the ro to r at ve ry  low  speeds and 
the inherent advantages of the associated optical 
system.

(14) R. D. Boyle and P. E. Hexner, Science, 134, 339 (1961).

Acknowledgm ents.— Th e  authors are grea tly 
indebted to H . G . K im  (Am erican M achine and 
Fo u n d ry Fe llow ) and F . N . W eber, who p a rtic i­
pated in  m ost of the experim ents, and to  R . F . 
B un ting, D . W . K upke, and D . M c In tyre  for 
valuable advice. F . L in ke  P . Sommer, and their 
co-workers constructed m os: of the apparatus.

D IS C U S S IO N
L. C r o p p e r  (Beckman Instruments, Inc.)— At low speed 

when the cell is tilted to offset gravity in the downward 
direction, are the optics tilted also?

P. E. H e x n e r .—-The mirrors c.irectly below and above the 
cell are tilted proportionately to ensure that the light passes 
through the cell normal to the direction of the resultant 
forces.

R. T r a u tm a n  (Plum Islanc Animal Disease Labora­
tory, USDA).—-Is it better to tilt the cell or solve the equa­
tions for equilibrium in a gravitational and centrifugal held?

P. E. H e x n e r .— The purpose of tilting the cell is to pre­
vent convection due to the non-radiality of the resultant 
forces on the particles. The equations must be solved in 
two dimensions in this case.

N orm an  G. A n derson  (Oak Pudge National Laboratory). 
— You are very close to the point where the centrifuge can 
be eliminated and gravity itself used to produce the gradient.

P. E. H e x n e r .— Since this is a very interesting and stimu­
lating field we certainly hope that the centrifuge will not be 
eliminated. For large enough particles gravity can, of 
course, be used to produce a concentration gradient.
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The use of interference optics to study equilibrium sedimentation in short columns is reported here. A standard system 
(sucrose in water) has been used to give a direct estimate of the accuracy of these experiments. In measurements at four 
different speeds the largest discrepancy found between theory and experiment corresponds to a difference of 0.16 fringe 
out of a total as large as 50 fringes. Methods of computing the results are discussed and an exact equation for equilibrium 
sedimentation is given for the case, applicable to sucrose, in which the apparent molecular weight is a linear function of con­
centration. The method for computing D from the rate of approach to equilibrium, which is based on the Mason-Weaver 
equation, has been reinvestigated by use of the more exact equation of Nazarian and the correction terms have been shown 
to be negligible.

In troduction
Sedim entation equ ilibrium  can be achieved 

ra p id ly  b y  using short colum ns of so lu tion .2'3 
Th e  tim e needed to  reach equ ilibrium  can be 
predicted2 from  an equation based on the th eory of 
M ason and W eaver4 fo r sedim entation in  a rec­
tangular cell and constant field. T h is  equation 
has been tested2 b y p lo ttin g  In e vs. t where e is a 
param eter, based on the difference in  concentration 
between ends of the colum n, w hich measures the 
deviation  from  equ ilibrium . Once e fa lls below a 
given  value th is graph should be a stra ight line 
whose slope yie lds the diffusion coefficient D. 
S urp ris ing ly, values fo r D found in  th is w ay were 
com parable in  accuracy to  the m olecular weights 
found from  equ ilibrium  data. Th e  th eory of M a­
son and W eaver applies o n ly  approxim ate ly to 
sedim entation in  a sector-shaped cell and centrif­
ugal field. R ecently N azarian6 used a perturba­
tion  treatm ent to  obtain a series solution fo r the 
centrifuge case w hich includes the M ason-W eaver 
equation as zero-order term s. One aim  of the 
present w ork was to  use N azarian ’s equation to 
reinvestigate th is method of m easuring D.

W ith  the expectation of more accurate experi­
m ental results,6'7 we turned from  schlieren to 
R ayle igh  interference optics. A  system  of known 
properties (sucrose in  w ater) has been used to 
study the agreement between th eory and experi­
m ent, both during the transient period and at 
equilibrium . A  second aim  was to find methods of 
calculation w hich make fu ll use of the potentia l 
accuracy, and to  see if  the th eo ry need be extended 
to  include effects such as pressure dependence. 
A n  equation has been obtained in  closed form  for 
the equ ilibrium  sedim entation of a concentration- 
dependent system  when the apparent m olecular 
w eight is a linear function  of concentration.

Experim ental
Materials.— Sucrose was obtained from the National 

Bureau of Standards (Standard Sample 17, lot #5901)
(1) This research was supported by grants from the National Sci­

ence Foundation (Grant No. G8146) and from the National Institutes 
of Health (PHS Grant No. A 4763).

(2) K. E. Van Holde and R. L. Baldwin, J. Phys. Chem., 62, 734
(1958) .

(3) D. A. Yphantis, Ann. N. Y. Acad. Sci., 88, 586 (1960).
(4) M. Mason and W. Weaver, Phys. Rev., 23, 412 (1924).
(5) G. M. Nazarian, J. Phys. Chem.. 62, 1607 (1958).
(6) J. S. Johnson, G. Scatohard, and K. A. Kraus, ibid., 63, 787

(1959) .
(7) E. G. Richards and H. K. Schachman, ibid., 63, 1578 (1959).

and concentrations of sucrose solutions were computed from 
the weights of sucrose and water, corrected for air buoyancy. 
1,3-Butanediol7 was purchased from Eastman Organic 
Chemicals and redistilled before use. The fluorochemical 
FC 43, 3 obtained from Spinco Division, Beckman Instru­
ments, was used as a liquid base for the column of solution.

Sedimentation Experiments.— A Spinco Model E ultra­
centrifuge, equipped with temperature control, was used. 
The double-sector cell had sapphire windows and an epoxy­
resin centerpiece. Ar. aperture mask was made by Spinco 
which fastens onto the holder for the upper collimating 
lens. Both translational and rotational positions of this 
mask can be set as desired. In addition to a Wratten 77A 
filter, we used a Bausch and Lomb second-order interference 
filter to isolate the Hg line at 546 m/z. Eastman Spectro­
scopic IIG  plates were, used to photograph the interference 
patterns. They were read on a Gaertner two-dimensional 
microcomparator (M  2001 RS). Figure 1 shows one of the 
photographs.

The procedure for finding reference baselines was sug­
gested by J. M. Creetk. After the end of an experiment the 
cell was emptied without taking it apart, the two sides 
rinsed and refilled with water to the previous level, and the 
reference baseline recorded at the appropriate speed. 
In reading the plates from an experiment the position ( R ) 
of a given fringe (j') was recorded. A different procedure 
has to be used for the reference baselines: the height (Z )
of a central fringe was read at several values of R and the 
vertical spacing between fringes (AZ =  0.0296 cm.) was used 
to convert the reference baseline to a plot of j 1 vs. R, where 
j '  here takes on fractional values. These were added 
algebraically to the integral values of j '  from the experiment. 
An additional correction to j '  was made for the sedimenta­
tion of 1,3-butanediol added to the solvent side of the cell 
(see Results).

The two optical constants needed are F, the magnification 
factor relating cell distance to distance on the plate, and 
a1, the physical distance through the cell along the optic 
axis. F was found in the usual way, by photographing a 
ruled disk centered in the rotor. To find a' the distance 
between outer faces of the cell windows was measured with a 
specially adapted micrometer caliper, and the thickness of 
the windows was subtracted to give o '. Before tightening 
the cell with a torque wrench o ' was 1.2O70; after 2.5 turns 
it decreased to 1.201j. The thickness of the free center- 
piece was found to be 1.2062.

Focusing the Optics.— The use of Rayleigh optics for the 
ultracentrifuge has been critically described by Richards 
and Schachman.7 We give here a brief description of 
methods for focusing the optics. To get good interference 
patterns it is critical to have a narrow source slit, to use an 
interference filter, to replace the quartz windows by sapphire 
ones in runs at high speed, and to align the source slit, 
aperture mask, and cylinder lens correctly. The maximum 
width of the source slit can be computed by the rule8 that 
its value should not exceed 1/l the spacing between inter­
ference fringes formed at the plane of the schlieren dia­
phragm . The vertical spacing of the fringes on the plate is 
0.0296 cm., the magnification factor of the cylinder lens- 
camera lens pair is 3.65, and so the width of the source slit

(8) Jenkins and White, “ Fundamentals of Optica," McGraw-Hill 
Book Co., Inc., New York, N. Y., 1957, p. 322.
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Fig. 1.—A photograph of the interference pattern given by a sucrose solution at 35,600 r.p.m. The concentration is 5.424 g./dl. Sapphire windows were used in the ultracentrifuge cell, and 1,3-butanediol7 was added to raise the refractive index on the solvent side.
should not exceed O.O20 mm. Also, one should look at the source slit in the microcomparator to see if the sides are parallel and straight.In aligning the optics we have found it convenient to use a plumb line as a primary standard of reference, and also to cut a hole at the back of the camera for direct viewing. If instead the aperture mask is used as the primary reference in focusing, as is often done, then the source slit, cylinder lens, and aperture mask must be re-positioned each time the drive is changed. With the procedure given here, only the translational position of the aperture mask need be changed. First the image of the source slit at the schlieren diaphragm is made vertical when the slit is in the schlieren position. This automatically sets the Rayleigh position of the slit if one uses the new slit assembly from Spinco with a Rayleigh slit at right angles to the schlieren slit. (That the two are at right angles can be checked and adjusted by means of a microcomparator.) Suspend one plumb line (a hair is suitab-e) just in front of the schlieren diaphragm, a second one through the target opening in front of the camera, and place a ground glass over the hole in the camera for observa­tion. When the slit image falls on the first plumb line a thick shadow appears on the ground glass; this becomes vertical when the slit image is vertical. The adjustment should be sensitive to ±0.05°. Narrow the source slit to improve definition of this shadow and use the set screw to fix the schlieren position of the source slit. With the rotatable source slit it was difficult to reproduce the schlieren and Rayleigh positions, so that the new assembly seems to be a definite improvement. Next use the same method to make the schlieren diaphragm vertical when the drum reads 0.00°. (This is done so that the 90.00° position of the schlieren diaphragm can be used to align the axis of the cylinder lens.) Replace the first plumb line by the metal line on the phaseplate and open the chamber slightly to improve definition of the shadow on the ground glass. In setting the drum always approach a given angle from the same direction (e . g ., from higher to lower angles) because of backlash. The axis of the cylinder lens can now be set by use of the phaseplate. Open the chamber, place a ground glass over the lower collimating lens, set the schlieren diaphragm at 90.00°, and use the adjusting screws on the cylinder lens mount to obtain maximum definition of the image of the metal line. This is a simple test and sensitive to ±0.02°. One should view the image with a hand lens rather than a ground glass in this step. To find the correct rotational position of the aperture mask, first set the schlieren diaphragm at 90° and fasten a ruled glass at the camera so that the lines are parallel to the image of the metal line. Then take out the cylinder lens and move the camera lens until the aperture mask is in focus, with the chamber open. Rotate the mask until its edges are parallel to the lines on the ruled glass ( c f .  the comments by Traut- man in ref. 7). To set the translational position of the aperture mask in the offset arrangement,7 use the same system but insert the rotor with a thread stretched across the scribe lines of one cell hole. Turn the rotor until a shadow from the thread crosses the upper slit image (the left slit of the aperture mask). For satisfactory definition of this shadow, use a narrow source slit and close the cham­ber. Move the mask, keeping its same rotational align­ment, until the shadow from the thread is parallel to the edges of the mask, with the shadow in the center of the upper slit image.

~d(r,/)~
- àr Jt

using Lamm’s flow equation

J =  cswV — D

(1)

(2)

for the case in which s and D  are constants, inde­
pendent of concentration and pressure. In these 
equations c is concentration on a weight per volume 
scale (here g./ml.), t is time, r is distance from the 
center of rotation, J is flow per unit area, co is 
the angular velocity (coV is the centrifugal field 
strength), and s and D are the sedimentation and 
diffusion coefficients of the solute. His solution 
takes the form

c(y,t) =  ceq +  {exp[(i//2a) +  (X/4a)(2y -  l ) 2]}

X  X  A m(a)um(y )e -Emt (3)
m~ 1

y =  (r -  a)/(b -  a) (3a)

a =  D/sic2f(b — a) (3b)

X =  (6 — a)/2f (3c)

f  =  (6 +  a)/ 2 (3d)

where a, b are the upper and lower ends of the 
column of solution, and the notation has been 
altered to avoid conflict with other terms 
used here. Fujita9 has obtained an approximate 
solution which is similar in form and which 
can be used to analyze the very early stages of 
sedimentation as well as the later stages considered 
here. Each of the functions A, u, and E in equa­
tion 3 is written as a series in ascending powers of 
X, the zero-order term being identical with the 
corresponding quantity in the Mason-Weaver 
equation.

A a =  Am<0) +  XHm(» +  . .. (4a)

Mm = Mm(0) +  X«m(1) +  . . . (4b)

Em =  Emw +  X2Em<2) +  . .. (4c)

The departure from equilibrium can be measured 
by a parameter e, defined in terms of the difference 
in concentration between ends of the cell.2

Theory
Correction Terms Given by Nazarian’s Equa­

tion.—Nazarian5 solved the continuity equation for 
a sector-shaped cell

e (Aceq Act)/A ceq 

Ac =  cb -  ca
(9) H. Fujita, to be published.

(5)

(5a)
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Aceq = c0/ a (5b)
When Nazarian’s equation is solved for e, the result
is

e = (a/c°)eX/4“ E  A m(a)e~£mi [wm(0) -
m= 1

e1/2“wul(l)]  (6)
where c° is the initial, uniform concentration. 
It is convenient to use this equation to measure D 
when t is large enough that only the first term 
(:m  =  1) determines the value of e .  Then

In € =  In K ' -  Ext +  0(i2) (7)

K ' =  (a/c°)ex/4“ ^ i M 0) -  e1/2“wi(l)] (7a)
It is easily shown5 that £,1(2,/-Ei(0) ~  0.3 while 
X ~  0.05. Consequently X2i?i(2,/i? i(0) ~  1 X  10~3 
and we need consider only the zero-order term of 
Ex.

In e =  In K ' -  E ^ t  +  0(X2) +  0(f2) (8)

Exm =  tr2[/(a)Z)/(5 -  a) 2 (8a)

U(a) =  1 +  (l/47r2a2) (8b)

Equation 8 is the same as the one used previously2 
to measure D except that K 1 differs from the earlier 
i f  by a term of order X. When K ' (equation 7a) is 
expanded as a series in 1/a 2, one has

K ' =  K  {1 -  (X/a) [9.472 X  10- 2 -  
1.51 X 10~4 (1 /a2) +  0 ( l /a 2) 2] +  0(X2)} (9)

K = =  0.81057 X4 [1 +  cosh (l/2a ) ]
7r2t/2(a)

[1 +  1.184 X 10~2( l /a 2) +  0(1 / a2)2] (9a)

Consequently when D is found from the slope of 
In e vs. t, or by an equivalent procedure, the correc­
tion terms introduced by using Nazarian’s equation, 
in place of the Mason-Weaver equation, are 
negligible.

Range of e Which Can be Used to Find D .—
We turn next to the question of when the higher 
terms (m =  2,3 . . . )  in equation 6 become negli­
gible. Since this is determined chiefly by the 
relative magnitudes of the terms exp( — Emt) for 
m =  1,2,3 . . .  , and since these are nearly the same 
in the Nazarian and Mason-Weaver equations, 
we may use the latter to answer this question. 
Numerical solutions to the Mason-Weaver equa­
tion, obtained with an IBM calculator, were 
kindly made available to us by D. A. Yphantis. 
Values of e were computed from these and com­
pared to the first term (m =  1) of the series. The 
results are shown in Fig. 2 as F ( a ,  e) v s .  e  for three 
values of a : F ( a ,  e )  is In (K/e)/In (K/t,), where
a is the value given by the IBM calculator and 
ei has been computed from the term with m =  1. 
Figure 2 gives a direct measure of the error caused 
by neglecting terms m =  2,3 . . .  in finding D 
from equation 8. One can see that the error be­
comes negligible for e between 0 and 0.5 when a 
is 1.538 or 3.077, but that the useful range of e is

Fig. 2.—The range of e in which D  can be measured by equation 8 : when F(a,e) differs from 1 , the higher terms omitted from equation 8 contribute significantly to e.
smaller than this for a =  0.5128. In a typical 
sedimentation equilibrium experiment a is 1 or 
more. The practical reason for this becomes 
clear when one remembers that Aceq/c° =  1/a. In 
the experiments reported here the smallest value 
of a was 3.4 and values of e less than 0.5 were used 
to compute D.

An Exact Equation for Concentration Depend­
ence of Equilibrium Data.—To make a quantitative 
test of the agreement between theory and experi­
ment, it is necessary to have an accurate equation 
for computing the results. The precision obtain­
able with interference optics is good enough that 
errors due to approximation should be less than 
0.1%. The equations used in an earlier study2 
contain only the first terms of series expansions: 
these are satisfactory for use with schlieren optics, 
whose accuracy is about 1 %, but could be unsatis­
factory here. Fortunately activity and density 
data for sucrose in water predict a linear depend­
ence on concentration of the apparent molecular 
weight: for this case the equation can be inte­
grated in closed form, yielding a simple result.

It is convenient to write the starting equation, 
which takes into account concentration but not 
pressure dependence (cf. Williams, et al.w), in terms 
of the reduced distance 4> which takes values from 
0 to 1.

-  “  =  A +  Be (10)c d<f>
4> =  (r2 -  a2) / ( 62 -  a2) (10a)

A  =  M { 1 -  vPo) (b -  aW f/vRT  (10b)

B =  (A /c)[( 1 — z7c)/'(1 +  cd In y/dc) — 1]
(10c)

This empirical representation of the concentration 
dependence is allowable only when B is found to be 
constant. In these equations M  is molecular wei gh t 
and v partial specific volume of the solute, y is its 
activity coefficient on the c scale (g./ml. solution). 
Po is the density of the solvent, and R, T are the

(10) J. W. Williams, K. E. Van Iloltle, R. E. Baldwin, and II. 
Fujita, Chem. Revs., 58, 715 (1958).
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gas constant and the absolute temperature. For 
a salt v is the number of ions per molecule; for a 
non-ionizing substance v is 1. The term (1 — 
vc) expresses the dependence of (1 — vp) on c. 
Since the specific refractive increment does not 
vary in this range of concentration for sucrose,11 
we will give only the calculation of c as a function of 
<£, rather than relating this to the difference in 
refractive index between solution and solvent.

Integration of equation 10, for constant A and B, 
yields

In (c/ca) =  Acj> - 111 1 +  (B/A)ca 
.1 +  (B/A)c . (11a)

or

c =  c&eA*/[l +  c&(B/A)(\ -  eA*)] ( lib )
One can find ca in terms of the initial concentration 
c° by means of the condition derived from conserva­
tion of mass.

f o  cd<f> =  c° (12)

Substitution of (l ib )  into (12) gives

ca =  (1 -  e~Bc°)/(B/A)(eA -  1) (13)
An equation for Ac is given by substituting (lib ) 
into

Ac = (14)

Fig. 3.—The plot used to measure the fractional part of 
R j ' :  AR  is the spacing between white fringes, and —In AR  is plotted against the position R  of the corresponding black fringes (in this case, against Rb — R). One can find the number of fringes between the last fringe read (n ) and the bottom of the column ( b ) ,  by measuring R b  — R n and taking 
AR  from this graph a t R = ( Rb  +  R n ) / 2 , or by use of equa­tion 26 (see Table I).
tance (r2 — rj) between corresponding points in 
the cell by the magnification factor F: (R2 — Ri) 
=  F  (r2 — ri). Provided the specific refractive 
increment dn/dc is constant, one can define a 
fringe number j  which is proportional to concen­
tration.

j  =  kc (19)
with the result

Ac =  ClL(eA+Bc° -  1) (15)
k — a (19a)

It follows from equation 15 that

In (cfa/c a) =  A +  Be0 (16)
when one remembers that Cb =  ca +  Ac. This can 
be shown also, with less ease, by setting d> — 1 in 
equation 11a. For <£ 0, application of l’Hospi-
tal’s rule shows that

lim In (c/ca) 
</>-*- 0 4>

— A +  Bc& (17)

Finally, for comparison with “ method II”  of Van 
Holde and Baldwin,2 we note that equation 10 
yields directly

(d c '
W / b

dc\ 
d <t>/a

Ac
— A +  B(c[, +  ca) (18)

Here X' is the wave length of light used and a' is 
distance through the cell along the optic axis. 
Once the necessary “ baseline”  corrections have been 
made to j '  and the value of j  has been determined at 
some point in the cell (e.g., r =  a), then j  at any 
point is found from

jr =  ja +  Or' ~  JaOcorr (20)

The number of fringes crossed in scanning from the 
top to the bottom of the column, Aj ', consists of 
two parts: an integral part given by (n — 1), 
the number of fringes contained between the first 
and n’th fringes crossed, and a fractional part 
contained between the ends of the column and the 
first and n’th fringes.

A j '  =  ( n  —  1 ) +  0 V  —  J a ')  +  O b '  —  7 n ')  =

O b '  j&) ( 2 1 )

Results
Extrapolation of Fringe Data to Ends of the 

Column.—The data read from a photographic plate 
are a set of coordinates (j',R) where j '  is the fringe 
number, read from an arbitrary origin, and R 
is the position on the plate of this fringe, again 
read from an arbitrary origin. The distance be­
tween two points (R2 — Ri) is related to the dis-

(11) L. J, Costing and M. S. Morris, J. Am. Chem. Soc., 71, 1908 
(1949).

One can find (n — 1) by counting but some method 
of extrapolation is needed to get (ji — j j )  and 
(jb in')- A simple method is to plot — log AR 
vs. Ri — R& at the top, or Rh — Ri at the bottom of 
the column. Here Ai?_is the distance between two 
adjacent fringes and R\ is the average of the two 
fringe positions. Such a plot is shown in Fig. 3. 
The simplest way of finding QV — j j )  with the use 
of this plot is to read from the graph the value of 
log AR  at (R i  +  Ba)/2  and then set ( j i  — j V )
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=  (Ri — RJ/AR, using this value for AR. An­
other way is discussed below.

One expects the plot in Fig. 3 to be a straight 
line, over short distances, because of the exponen­
tial relation between j  and </> (equation lib ). 
Provided the restriction to small distances is kept, 
one can ignore the effects of concentration depend­
ence or heterogeneity and also replace <j> by the 
more convenient experimental quantity (R — 
RJ or (Rb — R). Thus if j  is related to R by the 
approximate equation

j  =  (fc1/**)e*,(a-JW +  . . .  (22)
we see that dj/dR also is exponential in (R — RJ

=  fcieWie-R.) 
dR +  . . . (23)

and replacing dj/dR by Aj'/AR,12 while noting 
that Aj '  =  1, we have a linear relation between log 
AR and (R — RJ

-  log AR = log h  +  (Ri ~  RJ +  •••

(24)
After finding 7vi and /c2 from the slope and intercept 
of this plot, one can compute (j ' — j j )  from each 
fringe position by means of equation 22, and then 
compare the results for succeeding fringes.

j '  ~  jJ  =  (Ao/kMe* * - * 5 -  1] +  . . .  (25)
The corresponding equations for the bottom of the 
column are

— log AR =  log A* —
2.303

(Rb — Rj) +

(26a)

jb ~  j '  =  (fe /fe)[l -  e-*!(Kb- K)] +  . . .  (26b)
Use of these equations is illustrated in Table I. 
Values for (jh' — j n') agree within ±0.03 fringe 
when computed from successive fringe positions.

T a b l e  I
Fringe f (i) Rb — R i

n 0.206
Tl— 1 .397
n - 2 .599
n — 3 .808
n — 4 1.028
n — 5 1.267
Tl — 6 1.525
n — 7 1.806

Ob' — in') 
1.16 
1.18 
1.19 
1.17 
1.15
1.14
1.14

8.13 1.13

M e a s u r e m e n t  o f  t h e  F r a c t i o n a l  P a r t  o f  A j

Ob' -  ii')&

1.16 
2.18 
3.19 
4.17 
5.15
6.14
7.14

Av. 1.16 ± 0 .0 3
“ This table shows the calculation, from each of eight fringe positions, of the number of fringes remaining between the last fringe read (n ) and the bottom of the cell (b). The data are from a photograph taken during the transient period: t = 48.4 minutes at 42,040 r.p.m. (e ~  0.4). 

b Computed from equation 26b, with k t and fe taken from the intercept and slope of Fig. 3: fci = 5.80, k t =  0.293.
(12) By expansion into a Taylor’s series, one can show that (Ai/

AK)jf/(di/dK)h = 1 + (foAR)V24 + __

This method was used to find Ac during the tran­
sient period as well as at equilibrium. The plots 
of —log AR vs. (Ri — RJ or (Rb — Rd were found 
to be linear during the transient period: in fact 
Fig. 3 and Table I show data from the transient 
period. One expects such a linear plot from the 
boundary condition (J =  0 at r =  a,b) which can 
be rearranged to read (d In c/d<f>)t =  A +  Be 
(compare equations 2 and 10). One of the IBM 
computer solutions to the Mason-Weaver equa­
tion was used to check that In (bc/br) is a 
linear function of (r — a) or (b — r) during the 
transient period. At an early time (swH =  2 X 
10~4, Ac/c° = 0.0662) in an experiment for -which 
a =  1.538, there was a linear relation between 
In (bc/br) and y (equation 3a) for 0 <  y <  0.04 
and 0.96 <  y <  1.00. This linear relation could be 
used to extrapolate measurements of bc/br to a or 
b in finding molecular weights by the Archibald 
method. However one should not expect it to 
hold over a useful range of (r — a) under the condi­
tions of a transport experiment (a «  1) when 
a moving boundary is resolved.

Correction for the Sedimentation of 1,3-Butane- 
diol.—Because of the low molecular weight of 
sucrose (342.3) it is necessary to use a high con­
centration in order to have a reasonable value for 
Ajeq in a short-column experiment. However the 
quality of the interference fringes becomes poor 
when there is too large a path length difference 
between the solution and solvent sides of the cell. 
Richards and Schachman7 suggested adding a 
non-sedimenting substance to raise the refractive 
index on the solvent side, and they introduced 1,3- 
butanediol for this purpose. They were unable to 
observe any sedimentation of the butanediol. 
If the extent of its sedimentation compared to 
sucrose were of the order of 1% , it would be very 
difficult to observe directly and yet would represent 
a significant correction in our experiments. Conse­
quently, we determined v for 1,3-butanediol so 
that we could compute M ( 1 — vp) and estimate 
from this the amount of sedimentation.

A Linderstr0m-Lang density gradient column 
was used for this purpose. The two organic li­
quids used to give the density gradient were o-di- 
chlorobenzene and n-dodecane (suggested by R. C. 
Warner); they were saturated with water at 25° 
before use, and then filtered through wet filter 
paper to take out the surplus water. Standard 
solutions of sucrose were used to calibrate the 
column. Temperature was controlled to ±0.001° 
by means of a Jumo thermoregulator connected to 
two 125-watt infrared lamps. Eleven measure­
ments on a 1.16 g./lOO ml. solution of butanediol 
in water gave the following values for vn at 25°: 
0.980 ml./g. (8 drops), 0.982 ml./g. (2 drops), 
0.983 ml./g. (1 drop), or an average value of 0.981 
±  0.001 ml./g. The ratio of the values of M (1 — 
ip) for butanediol over sucrose is 0.013, so that 
the correction is approximately 1.3%.

An approximate measurement of the diffusion 
coefficient of butanediol in water also was made,

(13) Computed from v = [1 — (p — po)/c]/po, where p is the density
of the solution, po is the density of water, and c is g. butanediol/ml. of
solution.
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in order to compute the correction to Ac at any 
time by means of equation 8. A value for D-a of
l.Oi X 10~5 cm.2 sec. -1 was found when a solution 
containing 1.98 g. butanediol/100 ml. was diffused 
against water in a boundary-forming cell at 12,590 
r.p.m.

The Method of Computing D.—According to the 
data in Fig. 2, we may use equation 8 to compute D 
when e <  0.5, provided a >  1. The method used 
previously2 was to plot log e vs. t and find 1) from 
the slope. This is satisfactory but one would like 
to know what range of e gives the most accurate 
estimate of D. As equilibrium is approached and 
e —► 0 the per cent error in e becomes large, but 
this is partly compensated by the wider separation 
of successive values of log e. If each value of e is 
in error by the same absolute amount (this cor­
responds roughly to a constant absolute error in 
Ac), then one can show that the error in D(obsd.) is 
inversely proportional to e log (e0/e) when D is 
computed from

_  (2.303) (6 -  aY log fo /e)
T*U{*){t -  U)

where t0 is the time at which the first useful photo­
graph was taken (e0 ~  0.5). With this procedure 
D is found without any question of how to draw the 
best straight line, and values computed from suc­
cessive photographs indicate the precision of the 
measurement. The results given here were com­
puted in this way; in finding the averages, each 
value of D was weighted by e log (c0/e).

According to this analysis, the error would be 
further reduced by computing D from (1 /0  log 
(K'/e) (equation 8) rather than from [1 /(t — to)] 
log (e0/e), as in equation 27. However this would 
require knowing within a few seconds the time at 
which sedimentation started in these short-column 
experiments. Since a few minutes are needed to 
bring the ultracentrifuge to its operating speed, 
this is not practical.

Results for D.— The results from four short- 
column (b — a ~  0.4 cm.) and one long-column (6 
— a ~  0.8 cm.) experiments are shown in Table II. 
Values for D agree with the data of Gosting and 
Morris11 within the precision of this experiment, 
which is about 2%. The data do not show any 
effect of varying the speed. There is a trend in the 
values for (b — a) although the first four experi­
ments were done without refilling the cell. After 
each experiment the cell was taken out, shaken, 
and run at a new speed. Presumably the changes 
in (b — a) reflect distortion of the epoxy-resin 
centerpiece: probably an aluminum double-sec­
tor centerpiece would have been better. After 
trying out various methods for locating Rb and Ra 
(such as use of the boundary condition) we went 
back simply to reading them from the plate. 
Correct location of Rb and R& plays an important 
role in finding D since it affects both the values for 
e and the computation of D from e (equation 27).

Results for M .—The simplest way of finding M  
with interference optics is to measure Aj/j°, 
which does not require finding j  (equation 19) 
at some point in the cell. Also Aj/j° gives the 
weight-average molecular weight if all solutes have

the same v and dn/dc. For a single solute it 
yields the apparent molecular weight at a concen­
tration (cb +  ca)/2  according to Van Holde and 
Baldwin,2 who retained the first terms of a series 
expansion.

^  =  A +  B(ch +  0 / 2  +  ■ ■ • (28)

(M  is found from A  by equation 10b.) The equa­
tions given here do not yield a simple expression 
for M app in terms of Aj/j° (see equations 13 and 15). 
However they can be used to check the accuracy of 
equation 28. When Ajeq was predicted from known 
values of A, B ,u and j *, the same answer was ob­
tained from equation 28 as from equations 13 and 
15, within 0.1%, for each of the experiments given 
here. Thus equation 28 is a good approximation 
under the conditions of these experiments where 
1 +  (B / A )c~  0.9.

T able I I
M easurements op D

R.p.m. (b — a) (cm.) DohB/D a
42,040 0.4583 1.016 ±  0.010
35,600 . 4548 1.004 ±  .018
29,500 .4538 0.984 ±  .022
24,630 .4538 1.037 ±  .016
42,040 ■ 8C40 0.994 ±  .014

“ Computed from equation 27. The estimate of the 
precision is based on agreement of values from successive 
photographs. The known value of D  was taken from the 
work of Costing and Morris,11 from which D  was reckoned 
to be 4.84 X  1 0 cm. 2 sec.-1 at 25.3° and a concentration 
of 5.4 g./dl.

To compare theory with experiment, predicted 
and experimental values of Ajeq are given in Table
III. The agreement is quite good, the difference 
being 0.10-0.16 fringe out of a total number as 
large as 50 fringes. The comparison does not show 
any obvious dependence on speed, as it would if 
effects of pressure dependence were significant.

T able I I I
Comparison op Observed and Predicted V alues for 

Afeq
R.p.m. CA/cqJobs i ( Ajeq) pred c «(AD

42,040 50.40 50.30 0.10
35,600 35.95 35.79 .16
29,500 24.63 24.53 .10
24,630 17.26 17 .10 .16

“ (Ai)eq is the number o' fringes crossed in scanning the 
plate from top to bottom of the column of solution, plus a 
correction for distortion and also for sedimentation of the 
1 ,3-butanediol added to the solvent side of the cell. It  is 
closely proportional to at (cb +  ca)/2  (equation 28), 
and depends also on o>2 and column height. 6 Computed 
by means of the extrapolation equations 25 and 26. c Com­
puted from known values11 for the molecular weight, partial 
specific volume, specific refractive increment, and activity 
coefficient of sucrose in water, and from the weight concen­
tration, by means of equations 13 and 15.

In order to make direct use of data from the 
center of the column, another way of computing 
the results was studied. This is shown in Fig. 4 
where (1 /<£) In ( j/ jj  is plotted us. <j>. Predicted

(14) The activity and density data for sucrose quoted by Gosting 
and Morris11 are consistent with a constant value for B/A  of —1.647 
ml./g. at concentrations up to 3.06 g./ml.
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Fig. 4.—A way of plotting the equilibrium results which makes direct use of data from the center of the solution col­umn. The quantity (1 /<j>) In (c/ca) is proportional to the apparent molecular weight, evaluated a t a concentration specified by equation lib . Dependence of the apparent molecular weight on concentration makes this plot slope downward while heterogeneity would make it slope up­ward. The slope of the fine is theoretical and the points are experimental; a bar through every fourth point shows the effect of changing j  — j „  by ±0.05 fringe.
values of this quantity are given by equation 11a 
and, at 4> =  1 and 0, by equations 16 and 17. 
The solid line, which is nearly straight, gives the 
theoretical slope. Every fourth point has a bar 
showing the effect of an uncertainty of ±0.05 
fringe in (j  — j a). The points at small values of 
4> are much less precise than those near <£ =  1. 
This method of computing the results yielded some 
improvement in each case in the agreement be­
tween theory and experiment, but the effect was 
not striking. The plot indicates that the precision 
is slightly better than the accuracy of these experi­
ments: the predicted value of In (jb/ja) in Fig. 4 
is 0.2944, which clearly falls below the experimental 
points near <j> =  1. The difference is only 0.2%, 
however. To use this method of computation it 
was first necessary to find j &, which was done by 
means of equation 13 and the known values of 
A, B, a n d /. With an unknown system one would 
have to find j & by numerical integration (making use 
of equation 12) or by such means as locating the 
white-light fringe.

Discussion
Choice of Speed.—-With interference optics it is 

necessary to choose a speed such that the fringes 
are not packed too closely to be resolved. The 
concentration gradient increases from the top to the 
bottom of the column and so the fringes are most 
tightly packed at the bottom. Consequently we 
can specify resolution of all the fringes by setting 
an upper limit on dj/dr at b: 100 fringes per cm.
cell distance has proved suitable in our work. 
Omitting effects of concentration dependence, 
we may write

A j e q =  Aj° =  Akc° 
where k is given by equation 19, and

A-j°(b/f) ___
(1 _  e-A){b _  a)

(29)

(30)

Combination of these two equations gives 
( =  Ajeq ~ A(b/r)
\dr/b (b -  a) |_1 -  e~A_

(31)

We consider two cases. In the first, j° is large 
and the problem is to reduce co sufficiently that 
Ajeq/(b — a) <  100. A  will be small and so 
it follows from equation 31 that dj/dr at b ~  Aj eJ  
(b — a). Setting Aj eJQ> — a) =  100 in equation 
29 gives

CO

100 RT
1 — vp)b_

(case 1) (32)

In the second case /  is small and one wants to 
raise co so as to increase Ajeq, while still resolving all 
the fringes. One can do this as follows. (1) 
Choose a value for Ajeq. (2) Find A from equation 29 
( /  is considered fixed). (3) Compute A/( 1 — e~A) 
and find (b — a) from equation 31, after setting 
dj/dr at b =  100. (4) Find co from equation 10b, or

co =  [ART/(M/v)(\ -  vP)(b -  a)f]'A

(case 2) (33)
Factors Controlling the Time Needed for Equi­

librium.—As emphasized in an earlier study,2 the 
time needed to reach equilibrium in this experiment 
depends chiefly on the diffusion coefficient and on 
the square of the column depth (see equation 8). 
The parameter a, which includes sco2f (equation 
3b) also enters but in such a way that e shows 
little dependence on co2. In the conditions nor­
mally used for equilibrium sedimentation, the tran­
sient period actually is described fairly well by 
the form of the Mason-Weaver equation obtained 
on taking the limit as co2 0. Figure 5 illustrates 
the point that t shows very little dependence on 
co2: (1 — e) is given as a function of t/(b — a) 2 for
four experiments in which the speed was varied 
from 42,040 to 24,630 r.p.m. There is no observ­
able difference between the four graphs, plotted on 
this scale.

The time needed to reach equilibrium can be 
shortened considerably by use of a boundary­
forming cell16 or by reducing the speed at a chosen 
time.16 These procedures avoid a disadvantage 
inherent in the use of short columns: the precision 
increases with Aj  and so is greater for long columns. 
The precision of these short-column experiments is 
quite good, however. With short columns one 
can use provisional values for e together with equa­
tion 8 to check that equilibrium has been reached, 
and also one can measure D.

In Fig. 5 we saw that e, and hence Act/A ceq, 
is essentially independent of co2 although it is a 
function of (b — a)2. One expects Act to be inde­
pendent of (b — a) early in the experiment, when 
there is still a “ plateau”  region in the center of the 
cell with dc/dr =  0, because the flow processes at 
the two ends of the cell are not connected. Figure 
6 confirms this expectation. Two experiments, 
one at (b — a) =  0.458 and the other at 0.804 cm.,

(15) R. A. Pasternak, G. M. Nazarian, and J. R. Vinograd, Nature, 
179, 92 (1957).

(16) P. E. Ilexner, L. E. Radford, and J. W. Beams, Proc. Natl. 
Acad. Sci., 47, 1848 (1961).b
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show the same curve of Ac/c° vs. t so long as the 
“ plateau” region lasts in the shorter column.

Measurement of Diffusion Coefficients.— One 
can use equation 8 to measure D with more con­
fidence, now that the correction terms from 
Kazarian’s equation have been shown to be negli­
gible, and the valid range of e has been clearly de­
fined. Effects of concentration dependence have 
not yet been studied and the method may prove to 
be impractical for strongly concentration-dependent 
systems. The behavior of heterogeneous substances 
has been discussed previously2 but not yet studied 
experimentally. It is possible that a useful method 
for detecting heterogeneity could be based on the 
plot of In e vs. t.

The precision of the measurements shown in 
Table II is not much better than that found with 
schlieren optics.2 This is disappointing in view 
of the significant gain in precision when interference 
optics are used to obtain the equilibrium data (Table
III). The difficulty may be in locating accurately 
the ends of the column: this affects Act, from 
which e is computed, and also the calculated value 
of D varies as (b — a).2

Measurement of Molecular Weights.—The data 
in Table III indicate that with the short-column 
method one can measure the molecular weight of 
an unknown substance with an accuracy of 0.5% 
or better. To do this j° and (1 — vp) must be 
known with corresponding accuracy, and effects 
of concentration dependence must be mild enough 
to allow accurate extrapolation to c =  0. For a 
substance of high molecular weight the range of 
concentration used for extrapolation usually will 
be 0.1-1.0 g./lOO ml. solution. In many cases 
the measurement of v is now likely to be the limiting 
source of error.

It often happens with physical measurements 
that ten times as many factors must be taken into 
account to get an accuracy of 0.1%  as compared to 
1%. It would not be surprising if this proves 
true in changing from schlieren to Rayleigh 
optics. For example we have found it necessary 
in this work to correct for sedimentation of the
1,3-butanediol, as well as measuring the distortion 
of the fringes when both sides of the cell have only 
water, to consider the accuracy of the equation 
from which M  is computed, and to measure the 
change in a' on tightening the cell. Since we were 
studying sucrose, c° could be found by weight: 
in our experience the capillary type of boundary­
forming cell has not given j° reproducibly with the 
required accuracy of 0.1% , even when the top of 
the sucrose solution is well below the capillary. 
A differential refractometer cell may be the best 
solution to this problem. It is not unlikely 
that other factors remain to be taken into account: 
for example, an explicit correction for pressure 
dependence may be needed, although the data in 
Table III do not show this, and the non-radial 
interference slit above the solvent side of the cell 
may complicate the interference pattern. Al­
though it is difficult to locate accurately the ends of

Fig. 5.—The effect of angular velocity on the time required to reach equilibrium. Theory predicts only a small de­pendence on speed: see equation 8 .

Fig. 6 .—The effect of column depth ( b  —  a )  on the plot of Ac vs. t :  A c  is the differe ice in concentration between ends of the column. As long as the “plateau” region lasts in the shorter column, the two curves coincide. The speed was 42,040 r.p.m. in both experiments.
the column using Rayleigh optics, the uncertainty 
in (b — a) is partially canceled in finding M  from 
the ratio Ajeq/(b — a since Aj eq is roughly propor­
tional’ to (b — a.) in experiments at low speed.

Acknowledgment.—We are grateful to D. A. 
Yphantis for the loan of numerical solutions to the 
Mason-Weaver equation obtained by him with the 
use of a differential analyzer.

DISCUSSION
R. T rautman (Plum Island Animal Disease Laboratory, USDA).—In measuring ihe diffusion coefficient using long columns, is it possible to obtain experimental values for the parameter « and also to carry out the experiment in a rea­sonable time—the long column requiring considerable time to achieve equilibrium?
F. E. LaBAR.—Yes, this is accomplished by doing two experiments. The apparent molecular weight is determined from a short column equilibrium experiment, and then Aceq/c° is calculated for the long column by eq. 5b and 3b. In this way experimenta values for c are obtained in long column experiments.
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Measurements of restricted diffusion in the late stages, after the spreading boundary has reflected from the walls of the container, were made by Thovert* in the early part of this century with the aid of optical methods. Hamed and co-workers4 have demonstrated the great value of the restricted diffusion method by their conductivity cell measurements for the late stages of diffusion in a series of electrolytes, verifying for the first time the Nernst equation and the Onsager-Puoss theory5 for diffusion in very dilute electrolyte solutions. The present study describes the development of optical interferometric equipment and methodology for the application of restricted diffusion studies to solutions whose electrical conductivity might be insufficient to permit the application of conductimetric diffusion observations.
Introduction

In the event that the diffusion coefficient of a 
system is highly concentration-dependent, it has 
been pointed out that any method for the deter­
mination of this coefficient which relies on Fick’s 
second law of diffusion may be subject to error.6 
Such errors led for a number of years to some of the 
failures which investigators experienced in their 
attempts to verify the Onsager-Fuoss theory5 for 
the diffusion of strong electrolytes in very dilute 
solutions. Harned and co-workers,4 by applying 
conductimetric methods to electrolyte solutions, 
and studying the progress of diffusion only in the 
very late stages,3 when the concentration and the 
diffusion coefficient became very nearly independent 
of position in the column, were able to perform meas­
urements under conditions where Fick’s second law 
of diffusion became applicable.

It was felt that the introduction of modern inter­
ferometric optical methods might permit the ex­
tension of such techniques3'4 with reasonable ac­
curacy to systems whose electrical conductivity 
might be insufficient to permit the application of 
conductimetric diffusion observations.

General Experimental Requirements.—Harned and co­workers have emphasized the extremely stringent require­ments for constancy of temperature, or the damping out of all rapid temperature fluctuations, when the stabilizing density gradient in the diffusing column approaches zero. They employed a plastic cell mounted on a massive iron or brass block inside a vacuum-type desiccator or plastic air- bath, which itself was suspended in a water thermostat. For the present purposes it is also necessary to be concerned about precise positioning of the cell in a high quality optical system, with simultaneous freedom from mechanical vibra­tions. The restricted diffusion method, to be mathe­matically simple, abo requires a cell of precisely constant cross-section, which can be filled completely with liquid, but in which all communication with filling channels is completely removed in the diffusing position. Moreover, since diffusion proceeds for a very long time, absolute confi­dence must obtain that the diffusing channel is free from leaks of any kind to or from other parts of the cell. For this reason, optical interference methods based on the requirement for a nearby reference liquid channel built into the cell are effectively ruled out. Thus, various types of shearing interferometers suggest themselves.Experimental Arrangement.—As a result of these consider­ations, a single channel, 6-cm. optical path, stainless steel
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cell of the shearing type was designed and constructed.7 The general arrangement of the cell follows that of Claesson8 as modified by Longsworth. 9 I t  is emphasized, however, that, in contrast to Claesson’s procedure, 8 the cell is greased to prevent leaks, and that the empty space surrounding the inner, sliding block is left filled with air rather than solvent, to avoid the possibility of leaks. The inner block is clamped between two optical flats and a spring and roller, 9 and in this position is slid laterally across the lower diffusing channel by means of a screw actuated by a pulley. The latter is operated from outside by means of a string, to avoid heating of the cell after thermal equilibration. In the filling position (Cf, Fig. 1) the cell is first turned upside down, and the less dense liquid is filled into the sliding block through chan­nel 1 , with the aid of a long steel needle attached to a hypodermic syringe. After the liquid has reached the port of the filling hole, the cell is rotated so that all air is displaced into channel 2. A plug designed to close the filling port allows intercommunication between these channels, permit­ting expansion or contraction of the liquid in channel 2 during thermal equilibration. With the cell erect again as shown in Fig. 1, an additional quantity of the less dense liquid is inserted through the top of channel 2 with a syringe. Filling of the denser liquid into the lower portion of the dif­fusing channel in the main cell frame is performed through channel 3, with the aid of a steel needle attached to a hypo­dermic syringe. The short channel in the sliding block acts as a liquid reservoir during the thermal equilibration period. Channel 2 then is sealed, and the cell is placed for equilibra­tion on a heavy copper frame which is suspended, nearly completely immersed, in a water-bath thermostat. The cell, after this preliminary thermal equilibration, is removed quickly with gloves and placed in a lucite plastic air bath which is surrounded by the water-bath thermostat. Al­though the cell position is determined by metal stops, the closed plastic container is everywhere interposed between such metal parts and the thermostat water, to damp out temperature fluctuations. The air bath now is covered with a tight-fitting plastic lid fitted with a communicating air tube, and the water level is brought up over the cover. The closures in the direction of the optical track are made by lenses connected to the water bath through flexible rubber diaphragms, and arranged to pass a parallel beam of light through the space occupied by the cell. After further ther­mal equilibration, the sliding block of the cell is moved to the diffusing position, C d , Fig. 1 . A mask contains a pair of stationary double slits permitting light to pass through the air space above the sliding block to give reference fringes. These may be compared with similar fringes from the cell, or with Gouy interference fringes, by rotation of a small movable attached mask, operated by a string passing through the air tube of the plastic air bath. The entire air bath and lenses are supported by a metal framework connected to heavy steel ship-channels which form the optical bench. These channels are supported by three massive concrete pillars, each weighing nearly two tons, and the pillars themselves are free of the floor and rest on a bed of sand in a pit below floor level. To reduce the mechanical vibrations usually introduced by a stirring motor, thermostat water
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Fig. 1 .—Diagrammatic arrangement of optical system: S, source slit; L, and L2, collimating (schlieren) lenses: C d, cell in the diffusing position; Cf, cell in the filling position; M, double slit mask (exaggerated); I. slit image; Ln, objective lens focussed on the cell CD; Lc, cyclindrical lens focussed on slit image I; P, photographic plate receiving images from lens L0 and Lc.
circulation is provided by a pump mounted in the sand pit, the outlet at the bottom of the thermostat returning water to the pump. Connections are provided by pipe, interrupted by lengths of rubber hose to reduce transmission of vibration from the pump.The optical arrangement itself is based on a shearing inter­ferometer principle, in which coherent light passing through adjacent levels in the diffusing column is again reunited, producing an interference phenomenon dependent on the gradient of refractive index in the column. A number of shearing interferometers have been described in the recent literature for similar applications.10-17 Of these, the ar­rangement of Wiedemann, with slight modifications, has been tried, since it involves the use of readily available opti­cal elements of high quality usually employed in versatile cylindrical lens schlieren optical systems of the Philpot- Svensson type .18'19 One advantage of this arrangement is that it also permits observation of the diffusion process with the Gouy interference method.20-24 This can be done, if de­sired, by rotation of the cylinder-lens axis to the horizontal, and observation a t the usual photogaphic plate position, 9 thus employing the cylinder lens for simple projection of the Gouy interference pattern.The method of Wiedemann, as employed in the present study, involves the use of a source slit and a cylinder lens with parallel axis, inclined with respect to the vertical posi­tion customary when the schlieren system is employed as a cylinder lens Rayleigh interferometer. 25 A simplified dia­gram is indicated in Fig. 1, to permit a first-order calculation of the optical sensitivity. With this arrangement, the tilt of the source slit and the cylinder lens axis through the angle 
8 causes light from regions in the cell lying in planes net horizontal, but, instead, perpendicular to the new, tilted cylinder lens axis to superpose at the photographic plate. With the aid of two vertical masking slits at the cell separated by a distance d , Fig. 1, this causes superposition of light from pairs of levels in the cell separated vertically by the shear
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A x  — d  tan 8 . If the mean gradient of refractive index in the region x  is d n / d x ,  then the difference in refractive index at the two slits is approximately
An =  (dn/dx) Ax =  (dn/dx)d tan 9 (1)

In the slit image plane this system gives rise to a system of tilted equally spaced interference fringes in the absence of any gradient of refractive index, whose spacing at right angles to their extension, AT, is given by
A° =  d(sec 0)AY/b (2)

Here X° is the wave length o ' light i n  v a c u o ,  and b is the optical lever from the region of the cell to the slit image plane or, in the present case cf parallel light, is equal to the focal length of the collimating lens on the image side of the cell. At the photographic plate the fringe spacing in the same direction is given by G A Y ,  where G  is the combined camera and cylinder lens magnification factor in the direc­tion at right angles to the cyli ider lens axis. A given value of refractive index increment A n  from eq. 1 then corresponds to a number, j ,  of fringes disp acement at the photographic plate, equal to a  An / \ °  = ad(d»/da;)(tan 0)/A°, which corre­sponds to a distance
GjAY =  G\ad(dn/dx)(tari (9)/X °} {5A°/d sec 0} =

(Gab dn/ch)sin Q (3)
Therefore each fringe, if completely visible, should consti­tute a plot of [Ga6(dre/dx)]si l 8 against the reduced height coordinate F x  cos 8 , where F  is the camera lens magnification factor of the cell in the direction of the cylinder lens axis. It is of interest to see how the central diffraction zone ap­pears in the resulting pattern, as predicted from Fig. 1. The mean vertical deflection Y  =  a b { d n / d x )  in the slit image plane now is magnified by the cylinder lens along the direction perpendicular to the lens axis, where the compo­nent of this deflection is [a&'d»/da;)]sin 8 . Thus the dis­placement of the diffraction zone at the photographic plate is f(?ab(dn/da:)]sin 8 , which is identical with the displace­ment coordinate of the corrisponding interference fringe, according to eq. 3 .10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 I t  is therefore apparent that, as long as this first-order theory is reasonably accurate, this method offers the advantage that the interference fringes are con­tinuous, and never disappear out of the central diffraction zone, as is the case with the single-slit source Rayleigh cylinder-lens interferometer.25 27'28

(26) This is, incidentally, the correct explanation for the warping 
of the interference fringe envelope in the neighborhood of the 
image of a very sharp boundery, as sometimes observed with 
Rayleigh interferometers when the cylinder lens axis is not quite ver­
tical.

(27) E. Calvet, Compt. rend., 223, 597 (1945).
(28) J. St. L. Philpot and G. IT. Cook, Research, 1, 234 (1948).
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This method appears to offer the distinct advantage also characteristic of certain others,14-17 that the optical sensitiv­ity is not fixed by the apparatus, but may be increased con­tinuously by a rotation of optical elements to increase the shear, in the present instance by rotation of the source slit and the cylinder lens toward the horizontal. Figure 1 illus­trates the intuitive conclusion that, with a cell of limited ver­tical dimensions, it is not possible to increase the shear with­out limit. However, Wiedemann13 already has computed the more stringent limitations in his arrangement which exist on the approach of sin 6  toward unity. Qualitatively these might be described as the result of too great a shear, which then produces two diffraction envelopes shaped approxi­mately according to eq. 3, but no longer overlapping suffi­ciently, due to their difference in coordinates F x  cos 0, to provide interference fringes. However, we have noted with great amusement that if the source slit and the cylinder lens gradually approach the horizontal, a tilted Gouy interference fringe pattern forms, widens, and finally re­places the Wiedemann diagram. Moreover, the maximum displacement in the Gouy pattern is always located at approximately the “peak” of the Wiedemann dra/dx diagram, and it finally is apparent that the maximum dis­placement corresponds to the limiting approximate geo­metrical optical eq. 3 when sin 0 =  1
(GAF)max «  Gab(dn/dx)mliX (4)

Hence the Gouy method develops the ultimate theoretical sensitivity obtainable from the shearing interferometer in
~  c 7 +  C2 2 (C2 -  Ci)
C(M) = ----------------------Z 7r

which can be written out in the form

the same optical system, using the same optical elements.I t  is not possible to apply the Gouy method as developed for freely diffusing boundaries, 20-24 however, directly to the problem of restricted diffusion, as the refractive index func­tion and its gradient have different forms in the two types of experiments.
Theory

It now is necessary, therefore, to reconsider for 
the application of both the Wiedemann and the 
Gouy interferometric arrangements, the solution 
of the differential equations for restricted diffu­
sion.3-4 In the present case we start with exactly 
equal volumes of the two liquids, which may be 
taken to be solution of concentration Ci above and 
solution of initial concentration C2 below the shear­
ing plane. Taking the depth coordinate of the 
cell, measured downward from the top, as h, and 
the total depth l, we have the boundary conditions 
C(h,0) =  C, for 0 <  h <  1/2, C(h,0) =  C2 for 1/2 
<  h <  l, and bC{h,t)/bh =  0 for h =  0, l on the 
differential equation dC(h,t)/bt =  D[d1 2C(Ji,t)/bh21, 
provided that if D is a function of C, we use the 
solution only for the time range where C is essen­
tially constant throughout the apparatus. This 
generates the Fourier series solution
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It is now convenient, in order to take advantage of the symmetry of the cell, to measure depth coordinates 
x taken from the middle of the cell. That is, we define x =  h — 1/2, and re-express eq. 6 in terms of x
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Since the shearing interferometric method in use here develops a first difference in the refractive index- 
function at adjacent levels, it is desirable to use eq. 7 to generate a corresponding relationship for the 
gradient of concentration in the restricted diffusion experiment. This may be done by taking first differ­
ences from eq. 7, at two adjacent levels, x — 5 and x +  5
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which is the result one would obtain by differentiating eq. 7

d CQM) 
da;

2(02 -  Ci)
l (11)

That this is valid also may be checked by requiring that dC/dx =  0 for x = —1/2 and x =  +  1/2, and 
dC/dx =  max for x =  0. From eq. 11, if it may be assumed that the refractive index of the liquid is a 
linear function of the solute concentration, it follows that the refractive index gradient is

dn(x,t)
da;

2(n2 fix) irx _ fr/n«o< , Swx .------- -------  cos —  e v > +  cos —— e
1 0  0

9(t,/l)*Dt +  cos r>T-  e - ^ M t  + (12)

where nj and n2 are the refractive indices of the original upper and lower solutions, respectively.

Wiedemann Method.—A convenient applica­
tion of this method to eq. 12 is to measure the maxi­
mum height of the gradient curve in the direction 
perpendicular to the direction of the cylinder lens 
axis. From eq. 3 and 12 this height is given by the 
value at x =  0

tfmax = Gab (sia 0)(dn/da;)max

2 <}ab(nt — n/)
Ì

(sin 9)

+  c -25 (*/ll*Dl +  . . . ]  (13)

The experimental requirements to make this an 
absolute method are independent measurements of 
(1) n2 — v i, or of the specific refractive index 
increment and the two concentrations C, arid C\, (2) 
the optical factors Gab, (3) the inclination 6 of the 
cylinder lens axis with the vertical, (4) the depth of 
the cell, and (5) the time of diffusion. In pre­
liminary experiments, using sucrose and /3-alanine 
solutions at 25°, values of dn/dc were taken from 
the literature.29-30 The composite optical factors 
Gab were determined from the spacing of inter­
ference fringes photographed at the plate after 
being generated by a Rayleigh double slit of 
measured separation placed in the cell position. 
The inclination 6 was measured from the super­
position of straight reference fringes on the shadow 
of a vertical mask, tested with a plumb line. The 
cell depth, l, was measured by means of a David 
Mann comparator to be 1.9878 cm. For ideal dif­
fusion, the time can be taken from the instant of

(29) L. J. Gosting and M. S. Morris, J. Am. Chem. Soc., 71, 1998
(1949).

(30) H. C. Donoian and G. Ivegeles, ibid., 83, 255 (1901).

boundary formation, to within a negligible correc­
tion here. However, fer non-ideal diffusion, only 
times sufficiently long to give essentially uniform 
concentration allow the use of Kick’s second law of 
diffusion. At such times only the first term of eq. 
10 might be used, according to Thovert’s3 and to 
Harned’s approach.4 A plot of In / / majt vs. t would 
then give a slope of — (x/Z)2D, from which the 
diffusion coefficient is r3adily determined in prin­
ciple. In practice, it is difficult to produce a large 
enough deflection at such late times to supply 
satisfactory precision of measurement.

Gouy Method.—-The basic results from the calcu­
lations relating to the use of this method for free 
diffusion21-22-24-29 may b 3 used as a starting point 
for the restricted diffusion application. The path 
difference P — P' for pairs of rays which superpose 
by geometric optics is given by

a{n — n’) — 2ax —  =  P — V  (14) 
dx

where n is the refractive index and dn/dx the 
gradient of refractive index at the level x, n' is the 
refractive index at the symmetrical level —x, and 
a is the cell thickness. According to wave theory, 
when the number of interference fringes is not too 
small, eq. 14 becomes equal to Zj\° for interference 
minima, where Z,- represents a zero in the Airy 
integral21-29 and X° is the wave length of the light. 
If the number of fringes becomes ten or less, it is 
important to examine the errors in this approxima­
tion, and to use a more extended theory.24 When 
the conditions for restricted diffusion as given by 
eq. 7 and 11 are superposed on eq. 14, there results
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where j m is the original number of fringes, given by

jm =  a(n2 -  ni)/X° (16)

The corresponding displacement of the interference fringe minimum, as magnified at the photographic 
plate with the factor G, from the undeviated slit image is given by

Fj =  Gab
d n 
da;

=  2 Gb-jm(\yi) c o s ~ e - Ml)2Dt +

Two alternative methods of calculation have sug­
gested themselves. In the first, it is assumed that 
the time t is so long that only the first terms in the 
Fourier series in eq. 15 and 17 need be retained. 
Then, from these equations

Z 'i/Yi =  [tan*j ~ *jl (18)

where z\ =  irx/l. Equation 17 can now be rewrit­
ten in terms of z\, including only the first Fourier 
term

Yj =  2Gbjm{\yi){co& z^e~Ml)wt (19)
Knowing the values29 of from the fringe minima 
numbers, j, and the maximum original number of 
fringes, j m, and the corresponding experimental 
values, Fj, one can evaluate tan z\ — z\ from eq. 18. 
This then makes it possible to obtain the corre­
sponding value of cos z-y For this purpose, an ex­
tensive tabulation of values of cos z\ vs. tan z\ — 
2j was made at close intervals of Zj, with the aid of 
an IBM 709 computer. Once the value of cos 
Z) is obtained by reference to this table, it is in­
serted into eq. 19 and a fringe system constant for a 
given time is obtained

F j / c o s  2j = K t =  2 Gbjm{\ y i)e -^ /1)2Dl (2 0 )

From this, the diffusion coefficient can be evaluated 
in the case of ideal diffusion as

0 ( i ) h' K ‘(2,)

37TX
cos -9 (t/1)WI ottx

+  cos —  e 25(ir/iym

( 1 7 )

or in the case of non-ideal diffusion at sufficiently 
long times from

d In K t/dt =  -  ( J J d  (22)

There is a potential source of systematic error in 
this method which increases in importance as the 
original number of fringes becomes small, and also 
as the time becomes long, which is largely the 
result of a superposed diffraction effect. It is of 
interest that the error in using the Airy integral 
approximation in the case of free diffusion has been 
evaluated24 for Gouy experiments involving small 
path differences, and that this error becomes 
minimized as the most deflected Gouy fringes are 
observed. Consequently, it was felt desirable to 
arrange a method of computation which might not 
require extremely long times, but would make use 
of higher order terms in the Fourier series of eq. 
15 and 17, and also would attempt to extrapolate 
out the errors in the Airy integral approximation. 
A suggestion was obtained from the extrapolation 
method used by Akeley and GostingE1 to obtain 
solute diffusion coefficients in three-component 
ideal free diffusion experiments. They found that 
the apparent fringe system constant computed 
from Yi/e~$‘\ where fj =  x/2y/Dt, is a linear func­
tion of which can be extrapolated to Z, =  0 
to give the correct Ct value for the system. We 
now seek to express eq. 12 and 15 as Taylor’s series 
expansions about Zj =  0. There results

Zj/jm {e- 0r/mDf Qe~9(w/iyDt 25e~25('ir/l)*Dl + • ••} (23)

and

Fj ^  2Gbjm(\o/l)({e - ^ /l)’Dt +  e ~ ^ /l)lDl +  e~25Ml)2Dt + . . . } -

— -j- ge- 9( /̂0»a« 25e~25{Wl)Wt +  . . . }  ] (24)

From these equations, it then is found that
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a(i) =  +  e~9("/l)Wt

and

According to eq. 25, a plot of Y j  v s .  Zj2/’ should be 
linear, and extrapolate at Zt =  0 to give a(t), de­
fined by eq. 26. While the saddle-point integra­
tions of Costing and Onsager24 should be repeated 
for the case of restricted diffusion to obtain a pre­
cise evaluation of the errors in using the Airy 
integral approximation, it seems intuitively correct 
that, in this case also, the errors will be minimized 
for systems containing few fringes, if extrapolation 
is made to Z-} =  0 .

The diffusion coefficient then is computed di­
rectly from eq. 26. First, an approximate value of 
D is obtained from the first Fourier term. Then, 
this is inserted into the right-hand side of eq. 26, 
which is compared with the experimental value of 
a(t). If a{t) is smaller than the right-hand side, D 
is incremented by a fixed amount, and the com­
parison between a(t) and the right-hand side is 
made again This process is repeated until the 
right hand side becomes equal to the experimental 
value of a(t), indicating that convergence has been 
obtained, and this value of D then is retained. 
The whole computation was programed for the 
IBM 709 computer.32

Experimental
Fisher reagent grade sucrose, after being kept in a desic­cator, was used for the diffusion run without purification. Six Rayleigh pictures were taken immediately after bound­ary formation with the double slit in front of the diffusing channel. This, together with Gouy pictures taken during the early stages of free diffusion, was used for the calculation of the total number of fringe minima, j m . Kodak Super Panchro-Press plates were used.As the boundary is formed the glass surfaces adjacent to the sliding block are covered with thin films of grease. This effect is pronounced only in the neighborhood of the shearing plane, but this makes it difficult to count the integral number portion of the j m value in very early photo­graphs. Successive trials of integers in the j m values were used, therefore, for the calculation of Ct21-22until reasonably constant C t values were obtained for a given time. The Gouy pictures in the late stage of restricted diffusion were taken using Kodak Metallographic plates.The Rayleigh pictures for determination of the undevi­ated slit image were taken after the sucrose solution in the cell became homogeneous. For this the cell was taken out from the water bath and put upside down overnight. The cell position was changed several times and the cell then was replaced in the water bath, after preliminary temperature equilibration on the copper frame. The cell temperature had to be brought to 2 5 ° because the 5-correction was found to be influenced by the temperature. Successive Rayleigh pictures were taken until the 5-correction became constant. The G b \ °  value was found to be 0.01281.For the evaluation of D  values the zero time corrections were not applied because they made an insignificant change in the final results.

Results
Table I shows the diffusion coefficients of sucrose 

in water at 25 ±  0.02° using the Gouy method. 
The diffusion coefficients in the second column were

(31) D. F. Akeley and L. J. Gosting, J. Am. Chem. S o c . ,  75, 5685 
(1953).

(32) We are indebted to Dr. J. L. Bethune for assistance with the 
Fortran program.

_|_ e-25U/QHH _|_ (26)

+  25e~25̂ /l)Wt +  . . . (27)
obtained by the extiapolation method (eq. 
25). This shows an internal self-consistency of 
0.3%. The average value agrees with the values 
obtained by Gosting and Morris29 to within the 
present experimental error.

T a b l e  I
D if fu sio n  C o e f f ic ie n t s  o f  S ucrose  in  W a t e r  a t  25°

( C i  +  C 2) / 2 = 1 .0012°
0 , - 0 , = 0.0985

Time,
see.

D X
2 j ! / 3

extrapolation
method

106, cm.2/sec.
Tangent
function
method

43,204 5.157
45,004 5.144
48,605 5.120
52,205 5.135
59,406 5.135
64,807 5.132 4.909
66,607 5.131 4.891
72,007 5.142 4.937
77,408 5.102 4.886
82,808 5.164 4.972
93,609 5.102 4.967
97,210 5.134 4.984

136,814 5.157 4.952
Mean 5.135 Mean 4.937
Av. dev. 0.014 =0 . 2 7% Av. dev. 0.032 = 0.65%

“ C i  =  concentration of upper solution in g. per 100 ml. of solution; C ,  =  concentration of lower solution in g. per 
100 ml. of solution.

The third column shows the D values obtained 
by the tangent function method (eq. 18 and 19). 
The D-values were evaluated from photographs 
taken only after 17 hr. of diffusion, when the second 
term of the Fourier series becomes negligible. The 
discrepancy appears to bsar out that diffraction 
errors are produced in the tangent function method, 
as predicted in the discussion following eq. 22.

Discussion
In its present stage of development, the method 

is self-consistent to abou~ 0.3% in the diffusion 
coefficient, if time is counted from the instant of 
boundary formation. Since the diffusion coeffi­
cient for non-ideal solutions can be determined 
correctly only by differences between successive 
times of diffusion at sufficiently long times to pro­
vide essentially uniform concentration in the 
column, a decrease in precision is to be expected. 
However, this can be compensated by an improve­
ment in the design of the optical system. In order 
to obtain larger deflections of light, the optical 
lever, b, can be increased appreciably above its 
present value of 34.5 inches. The cylindrical lens 
magnification factor, G, can also be increased very 
appreciably above its present value of 1.3. An 
over-all increase of 5-10 times in the deflection of 
Gouy fringes thus is achievable. It is expected 
that this can be accomplished with no great sacrifice 
in the accuracy with wh.ch these fringes can be 
measured with the comparator, at late stages of 
diffusion. Therefore we look forward to an im­
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provement in the equipment which may provide 
differential diffusion data of accuracy approaching 
0.1 to 0.2%. at very low concentrations. For cer­
tain poorly conducting systems involving extensive 
solute-solute interaction, such data would be 
quite significant if they could be obtained.
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STABILITY OF EMULSIONS TO ULTRACENTRIFUGATION: 
DISCONTINUITY AT THE CRITICAL MICELLE CONCENTRATION

B y  Selw y n  J. R ehfeld

S h e l l  D e v e l o p m e n t  C o m p a n y ,  E m e r y v i l l e ,  C a l i f o r n i a  

Received March 7, 1962

A new and rapid method for quantitatively studying the mechanical stability of emulsions has been developed employing the ultracentrifuge. This experimental method offers the possibility of separating the coagulation of emulsions into dis­tinct steps: aggregation and coalescence. Emulsions of benzene in an equal volume of water, stabilized with various con­centrations of sodium dodecyl sulfate, were evaluated for mechanical stability by measuring the volume fraction of emulsion that remains after various times in the ultracentrifuge a t 25,980 r.p.m. The mechanical stability decreases with decreasing emulsifier concentration. Plots of volume fraction of emulsion remaining stable v s . the logarithm of the concentration of emulsifier show a definite discontinuity. This sharp change in mechanical stability occurred at an emulsifier concentra­tion corresponding closely to the critical micelle contentration (c.m.c.) determined in earlier studies. The results indicate tha t at emulsifier concentrations below the c.m.c., a non-linear relationship between mechanical stability and time occurs.
Introduction

Coagulation of emulsions is generally considered 
to take place in two steps; the first of these is 
aggregation, in which droplets of the dispersed 
phase form aggregates, while the second step is 
coalescence of the droplets.

The present work was undertaken to evaluate the 
mechanical stability of oil-water emulsions as a 
function of concentration of surface active agent. 
Ultracentrifugation was found to offer a means for 
accomplishing the aggregation step very rapidly 
and thus producing a highly concentrated emulsion 
before appreciable coalescence can occur. The 
coalescence process then could be studied inde­
pendently.

Experimental
Materials.—The emulsifying agent, sodium dodecyl sulfate (NaDS), was synthesized at this Laboratory. An aqueous solution of this material showed no minimum in surface tension—concentration curves. Reagent grade ben­zene, manufactured by Allied Chemical, was the oil phase in these experiments.Procedure.—A series of emulsions of benzene in water was prepared with various concentrations of emulsifying agent. A 1 : 1  phase ratio by volume was used. A Gifford- Wood Eppenbaeh homo-mixer was used to emulsify these systems a t a speed of about 7000 r.p.m. (Variac setting of 110 volts) and for exactly 5 min. Care was taken to reproduce conditions exactly in preparing the emulsions. Immediately after preparation 0.7 ml. of the emulsion was injected into an ultracentrifuge cell ( 1 2  mm. light path and a 4 degree sector angle). The cell then was placed in an analytical rotor and subsequently centrifuged in a Beckman Spinco Model E ultracentrifuge at 25,980 r.p.m. (other speeds also can be used) and a t 25.0 0.1°. Photographicrecords were made of the cell a t regular time intervals (4 min.) during the experiment. The first picture was taken immediately upon attainment of the pre-set centrifugal speed. The time required to attain this speed was 2 min. and 45 seconds ±  15 seconds. During centrifugation three layers develop in the cell: benzene (coagulated emulsion), the remaining stable emulsion, and the aqueous layer.As a result of the increasing emulsion concentration due to

removal of water (aggregation step) a sizeable reduction in the volume of the emulsion occurs while the rotor is coming up to speed. With unstable emulsions various degrees of coagulation also occur leading to the development of a benzene layer distinct from the concentrated emulsion layer. The volume fraction of the cell1 occupied by the remaining emulsified layer was designated as 0 . Plots then were made of 0o and 0 m  v s .  the logarithm of the emulsifier concentra­tion. (The subscript on 0 denotes the time in minutes after the centrifuge reaches constant speed.)
Experimental Results

Boundary Changes during Centrifugation.—
The boundary between the uncoa'lesced emulsion 
and the aqueous phase forms some time within the 
first three minutes of centrifugation and remains in 
a constant position during the entire run even when 
there is complete coalescence of the emulsion. 
This fact indicates that almost all of the aqueous 
phase of the emulsion is separated from the benzene 
droplets very early in the centrifugation process, 
leaving a very concentrated emulsion consisting of 
benzene droplets, adsorbed emulsifier, and a very 
small amount of water. At this stage the system 
can be described as an aggregated and compressed 
emulsion. The droplets must assume some shape 
other than spherical (polyhedral?) in order to have 
a dispersed phase constituting so nearly 100%  by 
volume of the concentrated emulsion. Any further 
decrease in the volume of this aggregated emulsion 
is the result of coalescence of the benzene droplets 
and consequent separation into a distinct benzene 
phase.

Figure 1 shows the results of centrifugation of an 
emulsion of 50% v. benzene in 50% v. water 
stabilized with 2.1%  w. sodium dodecyl sulfate. 
The actual volumes found, 48% v. benzene droplets 
in 52% v. aqueous phase, indicate a loss in volume 
of benzene by evaporation in the emulsification

(1) T. Svedberg and K. O. Pedersen, “ Ultracentrifuge,”  Oxford 
Press. New York. N. Y.. 1940. p. 7.



Oct., 1962 Stability of Emulsions to Ultracentrifugation 1967

>>-OT5<D
‘aa

CD 0) 
i-i CD 3 c3
n— Æw 
O  CD

O Aqueous Phase 
D Emulsion

Emulsifier; 2.1%w Sodium Dodecyl Sulfate

=8= £
/
/
/
/

r—1
Time to Reach 
25,980 rpm

I _L _L
3 7 11 15 19 23 27

t, minutes.
Fig. 1.—Volume changes occurring in a stable emul­sion as a function of time.

Fig. 2.—Volume changes occurring in an unstable emulsion as a function of time (in min.).
step. In this run the emulsion was stable through­
out, the only effect being the removal of almost all 
of the aqueous phase to leave a flocculated but 
stable benzene emulsion.

Figure 2 shows the result for an unstable emulsion 
of 50% v. benzene in 50% v. water stabilized with 
only 0.125% w. of sodium dodecyl sulfate. During 
the first three minutes the aqueous phase is sep­
arated from the benzene droplets and the aggre­
gated emulsion has coalesced to some extent, pro­
ducing a definite benzene layer in addition to the 
remaining emulsion layer and aqueous phase.

Plots of the volume fraction of emulsion, <f>, vs. 
time for a series of emulsions stabilized with NaDS 
are shown in Fig. 3. (Note that emulsions pre­
pared with concentrations of NaDS below 0.18% 
w. gave non-linear plots.) The <j>a and <f>20 for each 
of the emulsions were plotted against the logarithm 
of NaDS concentration. A discontinuity was 
found at a concentration of 0.26% w. NaDS (see 
Fig. 4). It is interesting that this value closely 
approximates the accepted value of the critical 
micelle concentration (c.m.c.) of NaDS.

In the literature the values reported for the 
c.m.c. of NaDS by various methods are in the re­
gion of 0.18 to 0.25% w.2 The spectroscopic 
method utilizing dyes3 gives the low value and the 
pH method4 the high value.

Values of 0.18% w. (spectroscopic method),
(2) W. C. Preston, J. Phya. and Colloid. Chem., 52, 84 (1948).
(3) W. D. Harkins, “ Physical Chemistry of Surface Films,”  Rein- 

hold Publishing Corp., New York, N. Y., 1952.

Fig. 3.—Fraction of emulsion remain­ing after t , seconds of centrifugation.

Concentration, % w , sodium dodecyl sulfate.
Fig. 4.—Fraction of emulsion at time ta and lw as a function of concentration.

0.22%  w. (conductivity method), and 0.22%  w. 
(surface tension method) were found in this Labora­
tory for the c.m.c. of the NaDS used in these ex­
periments.

Discussions and Conclusions.— In the experi­
ments described here, the oil droplets in oil-in­
water emulsions have been forced by centrifugation 
into very closely packed arrays which can be de­
scribed as aggregated emulsions. The resistance 
of the aggregated droplets to coalescence arises 
from the existence of very thin water films be­
tween droplets and from ihe presence of ionized 
emulsifier adsorbed on the particle surfaces. The 
coalescence of emulsion drops has been shown by 
Gillespie and Rideal5 to be related to the rate of 
drainage of the thin films separating them, the 
probability of film rupture being an inverse func­
tion of film thickness. Van den Tempel’s" studies 
also indicated that the raoe of coalescence of ag­
gregated emulsions is determined by the average 
lifetime of the films separating the droplets. He 
derived equations which indicate that coalescence 
is a first-order process bu: his experimental data 
did not conclusively show a first-order process. 
Our results, obtained by a quite different experi­
mental approach, indicate that the rate of coales-

(4) A. S. C. Lawrence and M. P. McDonald, “Second International 
Congress of Surface Activity,” Vol. I. Academic Press, New York, 
N. Y., 1957, p. 385.

(5) T. Gillespie and E. K. Rideal, Trans. Faraday Soc., 52, 173 
(1956).

(6) M. Van den Tempel, “ Second International Congress of Surface 
Activity,” Academic Press, New York, N. Y., 1957, Vol. 1, p. 439.
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cence varies as a function of emulsifier concentra­
tion. Further studies of the kinetics of coalescence 
will be reported at a later date.

The sharp change observed in stability of emul­
sions to centrifugation when the emulsifier concen­
tration passes through the critical micelle concen­
tration is believed to be associated with the density 
of packing of adsorbed emulsifier on the particle 
surface. As the emulsifier concentration is raised 
from very low values, the amount of emulsifier 
adsorbed on the emulsion particle increases and 
the area of the particle surface per adsorbed emulsi­
fier molecule decreases. At the critical micelle 
concentration the density of packing is at its 
highest value with the area per adsorbed emulsifier 
molecule approaching the actual molecular cross 
section. At this point, the mechanical stability of 
the adsorbed emulsifier layer can reasonably be ex­
pected to be greatest in view of the well known 
force-area curves for adsorbed monolayers. The 
addition of emulsifier in excess of the critical micelle 
concentration should only increase the number of 
micelles in the aqueous phase without appreciable 
effect on the density of packing of the adsorbed 
emulsifier.

Acknowledgments.— The writer wishes to thank 
Drs. F. M. Fowkes and W. M. Sawyer for deter­
mining the c.m.c. of the emulsifier used in these 
experiments.

DISCUSSION
S. J. R ehfeld .—I wish to add the following to the ex­perimental details given in this paper: The original particle size of the emulsions was approximately 1 n ;  this was de­termined microscopically. After 3 min. of centrifugation, the time required to bring the rotor to 25,980 r.p.m. and then stopping the run, the particle size had increased approxi­mately tenfold. This increase in particle size also occurred above the critical micelle concentration with no visible co­

agulation occurring. Therefore, the intorfacial area was reduced drastically and the emulsifier concentration in the aqueous phase will be almost equal to but less than the emulsifier concentration originally used to prepare the emulsion.This increase in droplet size also has been observed using a more viscous oil, n-hexadecane.
R. D. V old (University of Southern California).—Would you not agree that the separated oil should not be called a coagulated emulsion? The rate of appearance of clear oil may be a measure of a rate of flocculation, a rate of coales­cence, a rate of mass transfer of larger oil “drops” through the flocculated compressed emulsion, or a rate of coalescence of discrete drops with the bulk oil. Calling the separated clear oil “coagulated emulsion" is merely likely to confuse the issue.
S. J. R ehfeld .—The process of coagulation is considered to take place in two steps, first aggregation, which results in two or more particles coming into close contact with no change in particle diameter (this step is reversible), and secondly, coalescence, the flowing of two or more particles together to form a new droplet of larger diameter. At this point a problem in terminology does exist. When does a droplet cease to be called a droplet but a continuous oil phase? The rate of coagulation is defined as the rate of transition of oil droplets to a clear continuous oil phase; it would be proper, therefore, to refer to the continuous oil phase as coagulated emulsion, which also describes the final product in the coagulation process.
W. C. Simpson (Shell Development Company).—Can you comment on the applicability of this technique to emul­sions stabilized with surface active agents other than sodium dodecyl sulfate?
S. J. R ehfeld .—The ability of Dresinate 214, a com­mercial emulsifier composed predominantly of the potas­sium salt of dehydroabietic acid, to stabilize oil-water emul­sions to ultracentrifugation was examined using the same technique reported in this paper. A sharp break in the mechanical stability was found to occur between 1 .1  and 

1.2  weight % Dresinaee 214.The critical micelle concentration of this emulsifier was determined by Dr. W. M. Sawyer using interfacial and sur­face tension techniques. A sharp break in both surface and interfacial tension v s . concentration occurred also be­tween 1.1 and 1.2 wt. % Dresinate 214.
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AN ULTRACENTRIFUGAL METHOD FOR THE QUANTITATIVE 
DETERMINATION OF EMULSION STABILITY1

By R o bert  D. V old and  R o bert  C. Groot

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  S o u t h e r n  C a l i f o r n i a , L o s  A n g e l e s  7 , C a l i f o r n i a
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A method was developed for use of the ultracentrifuge to determine the rate of separation of Nujol from Nujol-water emulsions stabilized with sodium dodecyl sulfate (SDS). This rate remains constant throughout separation of a large pro­portion of the oil in the emulsion, and can be used as a measure of the stability. The effect of differences in the purity and concentration of the SDS and of changes in the speed of centrifugation on the ultracentrifugal stability was determined. I t  is desirable to maintain constant drop size distribution despite differing SDS concentration in order to obtain unambiguous results. The ultracentrifugal stability increases with increasing bulk concentration of SDS until the equilibrium concen­tration in the aqueous phase reaches the critical micelle concentration, and thereafter is independent of concentration. The results are also correlated with the extent of adsorption of SDS at the oil-water interface.
Introduction

The process of demulsification can be separated 
into two steps: flocculation, which decreases the 
number of kinetically independent units but causes 
no change in the total number of primary particles, 
and coalescence, which results in the ultimate 
separation of the oil as a bulk phase. In this 
paper emulsion stability is used exclusively to refer 
to the rate of coalescence. The chief objective of 
the present work was development of a satisfactory 
measure of this rate so as to permit quantitative 
comparison between experiment and the predic­
tions of different theories as to the rate-determin­
ing step in the process. More particularly, it 
would be valuable to ascertain whether the rate of 
drainage of water from the thin lamellae separating 
approaching oil drops, or the rate of rupture of the 
adsorbed film of stabilizer coating the drops, is the 
more important factor.

Many attempts have been made to measure the 
stability of emulsions in terms of changes in size 
distribution,2 3 4“ 5 interfacial area,6 7 8 9“ 10 or other­
wise.11'12 However, those based on counting tech­
niques are exceedingly tedious while those based 
on change of interfacial area or drop volume with 
time may be very insensitive to small but important 
changes occurring in the emulsion. Moreover, the 
latter methods may be useful only with quite un­
stable emulsions since Nujol emulsions stabilized 
with sodium dodecyl sulfate (SDS) (present work) 
showed very little change in total interfacial area 
over a period of three weeks. Likewise, the 
average drop size in a 20%  heat-bodied linseed 
oil (M 37 oil)-80% water emulsion stabilized with

(1) A partial report of work done under contract with the U. S. 
Department of Agriculture and authorized by the Research and 
Marketing Act. The contract was supervised by the Northern Utiliza­
tion Research and Development Division of the Agricultural Research 
Service.

(2) S. Berkman, J .  Phys. Chem., 39, 527 (1935).
(3) E. K. Fischer and W. D. Harkins, ibid., 36, 98 (1932).
(4) H. H. G . Jellinek, J .  Soc. Chem. Ind., 69, 225 (1950).
(5) E. S. Rajagopal, Kolloid Z., 167, 17 (1960).
(6) A. King and L. N. Mukerjee, J .  Soc. Chem. Ind., 57, 431 (1938).
(7) A. King and L. N. Mukerjee, ibid., 58, 243 (1939).
(8) L. N. Mukerjee and S. N. Srivastava, Kolloid Z., 147, 146 

(1956).
(9) H. Lotzkar and D. Maclay, Ind. Eng. Chem., 35, 1294 (1943).
(10) N. E. Lloyd, J .  Colloid Sci., 14, 441 (1959).
(11) M. van den Tempel, Rec. trav. chim., 72, 433 (1953).
(12) A. S. C .  Lawrence and O. Mills, Discussions Faraday Soc., 18,

98 (1954).

1% technical SDS did not change significantly 
over a period of a month.13

Earlier attempts14“ 16 to use rate of separation of 
free oil under gravity as a measure of emulsion 
stability were not regarded as promising because 
of the long time required for each measurement and 
the uncertainty as to whether all the demulsified 
oil had separated sufficiently so as to be visually 
detectable. Interesting results had been obtained17 
using a bucket type centrifuge, but preliminary 
experiments showed that Nujol-water emulsions 
did not separate oil sufficiently rapidly under these 
conditions. In extensive experiments with a 
Servall angle centrifuge at 10,000 r.p.m., oil separa­
tion was sufficiently rapid but reproducibility was 
unsatisfactory because of boundary disturbances 
occurring during deceleration or during the han­
dling of the system necessary to separate and 
measure the demulsified oil.

Hence a method was developed using a Spinco 
ultracentrifuge permitting observation of the 
emulsion while undergoing centrifugation.18 This 
method is described in detail and its use illustrated 
by application to determination of the effect of the 
concentration of SDS on the stability of Nujol- 
water emulsions. However, it must be emphasized 
that results of the ultracentrifugal method will not 
necessarily correlate with the shelf stability of the 
same emulsion since they pertain to the highly con­
centrated cream remaining after rapid separa­
tion of most of the water in the ultracentrifugal 
field.

The adsorption of SDS at the oil-water inter­
face was also determined in these systems so as to 
permit correlation of the ultracentrifugal stability 
with the extent of coverage of the oil droplets with 
adsorbed emulsifier.

Materials and Techniques
Ultracentrifugal Method.—A Beckman Spinco Model E ultracentrifuge was used in this work with a 12 mm. 4°
(13) Unpublished data obtained in this Laboratory by B. Levy and 

R. L. Void.
(14) E. L. Lederer, Kolloid Z., 71, 61 (1935).
(15) D. F. Cheesman and A. King, ibid., 83, 33 (1938).
(16) D. F. Cheesman and A. King, Trans. Faraday Soc., 36, 241 

(1940).
(17) R. C. Merrill, Ind. Eng. Chem. (Anal. Ed.), 15, 743 (1943).
(18) While this work was in process it came to the authors’ attention 

that Dr. E. R. Garrett was using an ultracentrifuge to study pharma­
ceutical emulsions. This work has now been published [J. Pharm. 
Sci., 51, 35 (1962)], but deals primarily with rate of flocculation and 
creaming although some measurements of oil separation are also re­
ported.



1970 R obert D. Yold and R obert C. Groot Yol. GG

standard cell having a capacity of about 0.8 ml. The emulsion is introduced through a hypodermic needle. Since small slicks of free oil often were observed in these emulsions after standing overnight they were swirled gently and in­verted 20 times or so prior to sampling in order to obtain a uniform sample without changing the drop size distribution. On starting the ultracentrifuge, the current is held at 6 amp. until a speed of 10,000 r.p.m. is reached, and then at 14 amp. until the desired operating speed is attained. The time re­quired for acceleration to a constant speed of 39,460 r.p.m. was 8 min. Zero time in the oil separation experiments was taken as the time at which constant speed was reached. All runs were made at 25°.Upon centrifugation the emulsion separates into trans­parent layers of oil and water separated by a layer of opaque, concentrated emulsion. These give sharp boundaries on a photographic plate which change position with time as more oil is separated from the emulsion. Determination of the positions of the boundaries on a series of such plates taken at successive time intervals permits calculation of the rate of separation of oil from the emulsion. Measurements were made with a travelling microscope reading directly to 0.01 mm., determining the distance from the top of the cell to the oil-emulsion and emulsion-water interfaces, and to the bottom of the cell. Each distance was measured eight times and the best average value used.The volume corresponding to a length, A, in the sector- haped cell is given by

7  =  360 Thi(R& +  A)2 “  R' ] =  90 [2ASa +  A2]
where is the distance from the center of rotation to the top of the cell, and h  is the thickness of the cell. A graph was plotted of the volume as a function of the measured value of A from the top of the cell using an optical enlarge­ment of 2.17. This plot then was used to determine the volume from the differences between the measured distances to the different interfaces.The per cent of the initially emulsified oil which has separated at any given time is determined by dividing the volume of the oil layer by the sum of the volumes of the oil layer and the creamed emulsion. This implies that so little water remains in the creamed emulsion by the time steady speed centrifugal velocity is reached that its amount is immeasurable by the technique used. That this assump­tion is correct is proved by the fact tha t the sum of the volumes of clear oil and creamed emulsion remained con­stant throughout all runs independent of the amount of oil separated, as did that of the water layer. For example, in a typical run lasting 135 min. the length of oil plus emul­sion was constant at 1.625 ±  0.0034 cm., while the water layer was 1.413 ±  0.0040 cm.That the layer of clear oil contains no emulsified water was shown by adding 0.05% of Orange II to one emulsion and finding after centrifugation that the aqueous layer was colored orange while the oil layer was completely colorless. The presence of residual traces of water in the emulsion layer is shown by its opacity and also by the fact that it showed a trace of color when Orange II was present in the system. Moreover, although slightly translucent during and im­mediately after centrifugation, it gradually became slightly more opaque on standing in contact with the aqueous layer, indicative of slow imbibition of additional water.The per cent of the initially emulsified oil which has sepa­rated then is plotted against the time of centrifugation. The rate of separation a t the given speed is determined from the slope of the linear portion of the curve.Materials.—In the earlier experiments testing reproduci­bility, for which numerical data are not recorded, Fischer Scientific Co. technical SDS was used without purification. In all other experiments a specially purified sample of SDS was used prepared by H. M. Princen following Dreger’s method.19 The pure SDS, prepared from a mixture of two fractions of lauryl alcohol of setting points 23.40 and 23.71°, was extracted for a few days with ether in a Soxhlet extractor to remove traces of lauryl alcohol, and then stored in a desic­cator over calcium chloride until used. There was no mini­mum in the surface tension-concentration curve, this show­ing that the sample was nearly free of lauryl alcohol.20 In

(19) E. E. Dreger, Ind. Eng. Chem., 36, 610 (1944).
(20) G. D. Miles aud L. Skedlovsky, J. I’hya. Chem., 48, 57 (1944).

one set of experiments this SDS was again extracted with ether for 24 hr. just before use to further reduce the concen­tration of lauryl alcohol, since even very small quantities can change the adsorbed layer of SDS at a surface from a mobile to a rigi d film. 21Nujol from Plough, Inc., New York, was used without purification. The manufacturer’s values for its constants are: Saybolt viscosity 360 to 390 at 100CF. and specific gravity 0.880 to 0.900 at 60°F.Bottled distilled water was used without further purifi­cation.Preparation of Emulsions.—In general the requisite volumes of Nujol and an aqueous solution containing the desired concentration o: SDS were poured into a cut-off 500-ml. graduated cylinder and stirred 5 min. at 5000 r.p.m. with a Brookfield counter-rotating mixer, a stirrer with two counter-rotating blades which reduces absorption of air and foaming. The resultant emulsion was further dispersed by passing it four times through a Cenco hand homogenizer. All results reported pertain to emulsions about 20 hr. old except for one set dealing specifically with the effect of aging.In earlier experiments establishing the reproducibility of the method and studying the effect of changes in the speed a t which the ultracentrifuge was run, for which numerical data are not reported, the emulsions used were prepared from 50 ml. of Nujol and 50 ml. of 0.2% technical SDS solu­tion. Emulsions used to determine the effect of changing the rate of acceleration of the centrifuge were prepared the same way except that purified SDS was used.I t  is necessary that emulsions used to study the effect of SDS concentration on stability all have the same distribu­tion of drop size so that they will have the same interfacial area and calculable degrees of surface coverage. Since preparation by the same procedure but with different initial concentrations of SDS would result in different drop size distributions the following method was employed. A series of emulsions was prepared by adding 150 ml. of Nujol to 120 ml. of 0.2% SDS solution and emulsifying as described above. After standing 20 hr. the emulsion was stirred gently by hand with several slow inversions to reincorporate any separated oil or cream, and divided into 50-ml. portions. From each of these 5 ml. was removed, and then 5-ml. por­tions of SDS solutions o: varying concentrations added with gentle hand stirring to give 50-ml. samples of 50-50 oil- water emulsions of presumably identical drop size distribu­tion but varying concentrations of SDS. Ültracentrifuge runs were generally made on the same day on which the additional SDS solution was added to the 20-hr. old stock emulsion. In Table I all emulsions made from the same stock by this addition process are given the same Roman numeral since they are more likely to be directly comparable than others of the same composition but made from a dif­ferent stock emulsion.That this procedure was generally successful is shown by the agreement between results obtained on different emul­sions prepared by this technique. The error in the case of occasional discordant runs probably arises either because of irreproducibility in the preparation of the emulsion or from the difficulty of obtaining a completely representative sample in withdrawing the very small volume used in the ultracentri­fuge cell.Determination of Adsorption Isotherms.—These were determined with the same emulsions used for study of the effect of concentration on stability following Cockbain’s method, 22 except that the aqueous phase was separated for analysis by centrifugation. Twelve hours after preparation of the final emulsions from the 20-hr. old stock, 25-mi. samples were centrifuged for 30 min. at 5000 r.p.m. in a Servall angle centrifuge subsequent to gentle hand mixing prior to sampling. The separated aqueous layer was re­moved with a hypodermic needle, and recentrifuged an additional 30 min. to ensure complete removal of any oil or emulsion. Errors may occur due to incomplete separation of the emulsion or to coalescence occurring during centrifu­gation but the reproducibility and internal consistency of the results suggest than these are generally not serious, although occasionally results on a series of emulsions from a given preparation may' vary erratically. The concentra-
(21) M. B. Epstein, A. Wilson, C. W. Jakob, L. E. Conroy, and J. 

Ross, ibid., 68, 860 (1954).
(22) E. G. Cockbain, Trans. Faraday Soc., 50, 874 (1954).
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T able  I
Ultracentrifugal  Stability  at  39,460 r .p .m . and I nterfacial A dsorption of N ujol- W ater  E mulsions Stabilized

w ith  Sodium D odecyl Sulfate

Stock®
emulsion

Emulsion
number

Initial concn. 
of SDS, % on 
water phase

Rate of 
oil sepn., 
%/min.

Extrapolated 
% oil 

separated 
at zero time

------Equilibrium
Moles X 103/  

liter in
aqueous phase

concn. SDS-----*
Moles X 10s 

adsorbed 
per ml. oil

Fraction of 
saturation 
adsorption

I 120 A 0 .2 0.51 22 2.96 0.398
II 125 A .2 .55 25 3.00 .409 0.64

i n 131A .2 .50 21 2.84 .410 .66
IV 160 .2 .49 23 2.78 .416 .65
i i 126B .3 .32 14 5.90 .451 .70

i n 132B .3 .31 10 5.70 .472 .76
IV 161 .3 .30 16 5.38 .504 .78
IV 162 .35 .28 10 6.59 .557 .86

I 123C .4 .15 1.5 8 .1 1 .577
II 127C .4 ( .24)* (4 .4 )6 8.40 .549 .86

III 133C .4 .17 2 .0 7.93 .596 .96
IV 163 .45 .16 3 .8 9.66 .597 .93

I 124D .5 .14 2 .6
II 128D .5 ( . 20)6 (3 .3 ? 11.73 .563 .88

III 134D .5 .14 0.7 11.78 .558 .89
I 122E .6 .14 .3

IV .4 7.89 .600 .93
IV .5 1 1 .6 8 .568 .88
IV .6 14.51 .633 ( . 98)6
IV .7 17.68 .662 ( 1 .03 )6
IV .9 25.03 .622 0.96

V' 200 .2 .62 25
VT 210 .2 .63 24 3.45 .350 .64
VI .3 6.51 .391 .71
V 203 .35 .26 7.1

VI 213 .35 .25 6.5 7.88 .427 .78
V 204 .4 .2 2 5.7

VI 214 .4 .23 5.4 9.48 .441 .81
V 205 .45 .23 4.7

VI 215 .45 .2 1 4.1 11.44 .418 ( . 76 >6
A 140* .2 .62 26
B 142J .2 .48 26
A 141s .2 .62 26
B 143” .2 .56 25
c 144 .2 .62 24
D 147 .2 .53 25
E / 145 2 .62 19

° Stock emulsions I through VI were prepared with 150 ml. of Nujol and 120 ml. of water, and then adjusted to a 50-50 volume ratio before measurement. Emulsions A through E were prepared using 50 ml. of Nujol and 50 ml. of water. 6 Num­bers enclosed in parentheses can be assumed to be in error. c The SDS used for preparation of emulsions V and VI was extracted with ether for 24 hr. just prior to use. d In these cases the ultracentrifuge was accelerated more rapidly than usual, reaching final speed in 5 min. e In these cases the ultracentrifuge was accelerated much more slowly than usual. The speed was increased gradually over a 35 min. period to 13,000 r.p.m., and then to the final speed of 39,460 r.p.m. over the next 5 min. f  Orange II (0.05% on the water phase) was added to this system before emulsification.
tion of SDS in the aqueous phase was determined by titra­tion with cetylpyridinium bromide, 28-23 24 eliminating the need for a blank by using a constant volume of 15 ml. of chloro­form and 85 ml. of water. The cetylpyridinium bromide was standardized on a relative basis25 against pure SDS.The data obtained fitted the linear form of the Langmuir equation

C/x/rn =  1 /ah +  C/a,

over the whole range from 3.0 to 25 X 10-8 mole SDS/1. with no detectable change of slope at the critical micelle concentration26 20 (0.0081 mole/1.), as was also found to be
(23) S. R. Epton, Trans. Faraday Soc., 44, 226 (1948).
(24) A. S. Weatherburn, J. Am. Oil Chemists Soc., 28, 233 (1951).
(25) R. D. Void and N. H. Sivaramakrishnan, J. Phys. Chem., 62,

984 (1958).

the case with Cockbain’s data .22 The equilibrium con­centrations of SDS in solution and at the interface, together with the fraction of saturation adsorption reached, i . e . ,  
( x / m ) / a , which is related to the fraction of the surface covered with adsorbed SDS, are given in Table I.To determine the rate of change of interfacial area with time, three emulsions of 150 ml. Nujol-120 ml. 0.2% SDS were prepared as described previously, combined, and stored in a 1 -liter graduated cylinder at room temperature. At different time intervals 200-ml. portions were -withdrawn and divided into four 45-ml. samples, to each of which was added 5 ml. of more concentrated SDS solution so as to determine four points on the adsorption isotherm of the resultant 50- 50 oil-water emulsion as described above. The interfacial area was determined from the Langmuir plots for these

(20) R. J. Williams, J. N. Phillips, and K. J. Mysels, Trans. Fara­
day Sue.. 61, 728 (19.15),
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Fig. 1.—Rate of separation of Nujol at 39,460 r.p.m. from a 60 volume % Xujol-in-water emulsion stabilized with 0.2% SDS.
emulsions after 1, 96, and 504 hr. aging, the data being given in Table II.

T able II
E ffect of A ging on I nterfacial A dsorption of SDS in

N ujol- W ater  E mulsions
Equilibrium concn. SDS

Initial concn. 
of SDS, %  on 

water phase Moles X 103/liter 
in aqueous phase

Moles X 105 
adsorbed per 

ml. oil
Fraction of 
saturation 
adsorption

Emulsion 1 hr. old
0 .2 2.76 0.418 0.61

.3 5.26 .514 .74

.4 8.18 .571 .83

.5 11.39 .597 .87
Emulsion 96 hr. old

0 .2 2.79 0.416 0.59
.3 5.55 .487 .69
.4 8 .2 2 .566 .80
.5 11.34 .605 .85

Emulsion 504 hr. old
0 .2 2.75 0.419 0.55

.3 5.56 .485 .63

.4 8 .1 0 .580 .75

.5 11.16 .620 .81
Results

Figure 1 is characteristic of the curves of per 
cent oil separated vs. time of ultracentrifugation 
when using low concentrations of SDS. Initially 
oil separates very rapidly but the rate— determined 
from the slope of the curve— decreases rapidly with 
time during the first twenty minutes or so, during 
which period with 0.2% SDS as emulsifier slightly 
more than 20%. of the emulsified Nujol separates as 
a layer of clear oil. The rate of separation then 
remains constant for a considerable period until 
about 60% of all the oil in the system has separated, 
and thereafter decreases slowly with further separa­
tion of oil.

Increasing the concentration of SDS at first de­
creases the rate of separation of oil from the emul­
sion and also the amount of oil which is separated 
rapidly on initial centrifugation before the steady 
state rate is reached. At higher concentrations 
the rate becomes independent of the initial con­

centration of SDS, as is strikingly shown in Fig. 2, 
all emulsions prepared with SDS concentrations 
between 0.4 and 0.6% SDS separating oil at the 
same rate within experimental error.

Quantitative data on the effect of SDS concentra­
tion on the rate of separation of oil, the effect of 
difference in the time of acceleration of the ultra- 
centrifuge to its operating speed on the rate of oil 
separation, and the extent of adsorption of SDS at 
the oil-water interface in these emulsions are 
shown in Table I. Frequently considerable dif­
ferences were found in the absolute quantity of oil 
separated by supposedly identical emulsions al­
though the slopes of the linear portions of the curves 
of oil separated vs. time were nearly the same. The 
linear portions of the curves were therefore extra­
polated to zero time, as shown in Fig. 1, and these 
extrapolated values of per cent oil separated at 
zero time also listed in Table I.

Generally there was no difficulty in drawing a 
straight line through the points obtained in the 
interval between 20 and 60 min. of centrifugation, 
and extrapolating tc zero time so as to obtain the 
slope and the intercept. In order to avoid arbi­
trariness, however, the values recorded in Table I, 
and used in the construction of Fig. 2, were ob­
tained from the best line calculated by the least 
squares method. Comparison of results obtained 
by the two methods showed they agreed within 3 
to 4%  of the value of the slope although occa­
sionally differences as high as 10%  were found, the 
least squares method tending to give lower slopes 
and higher intercepts.

Figure 2 shows the effect of the concentration of 
SDS on the rate of separation of oil from the emul­
sion in the ultracentrifuge. In order to facilitate 
comparison of runs on different emulsions with the 
same concentration of SDS the extrapolated per 
cent oil separated at zero time is subtracted from 
the actual amounts separated at any given time. 
Figure 2 also shows the degree to which the loss of 
oil by the different emulsions conforms to the 
straight line relationship, and the extent of agree­
ment between runs az the same composition but on 
different preparations of the emulsion.

With respect to reproducibility, it can be seen 
from Table I that rates of oil separation generally 
agreed within 4 to 8%  in runs on comparable sam­
ples, although occasionally an individual sample 
differed widely from the average for its composition. 
Runs at 39,460 r.p.m. on six samples from four 
separately prepared 50% Nujol-50% water-0.2% 
tech. SDS emulsions gave an average value for the 
rate of separation of oil of 0.136 ±  0.004% /min.

The larger irreproducibility in the values for the 
amount of oil which separates rapidly at the begin­
ning of the run may be due to uncontrolled fluctua­
tions in the degree of dispersion obtained during 
preparation of the emulsions, or to lack of represen­
tative sampling on withdrawing the small samples 
used in the ultracentrifuge cell. A few large 
droplets of poorly emulsified oil would have little 
effect on the measured values of interfacial area 
but would make a disproportionately large contri­
bution to the volume of oil appearing, and would be 
likely to separate very rapidly on initial application
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Time of Centrifugation in Minutes.
Fig. 2.—Effect of concentration of SDS on the rate of separation of Nujol from Nujol-in-water emulsions centrifuged at 39,460 r.p.m.: O, • ,  ©, ©, all 0.2%, from emulsions 120A, 125A, 131A, and 160; □ , H, ■ > all 0.3%, from emulsions 126B, 132B, and 161; V, 0.35%, from emulsion 162; A, A, both 0.4%, from emulsions 123C, 133C; 0.45%,, fromemulsion 163; O, O, both 0.5%, from emulsions 124D and 134D; • .  0.6%, from emulsion 122E.

of the ultraeentrifugal field. Consequently, two 
nearly identical emulsions may separate quite 
different quantities of oil in the initial stage of 
centrifugation but thereafter behave alike with 
respect to the rate of further separation of oil.

That the emulsification technique used produced 
nearly the same initial distribution of droplet sizes 
in most cases is shown by the relatively constant 
value found for the oil-water interfacial area of 
the different stock emulsions. Assuming an area 
of 50 A .2 per adsorbed SDS molecule,27-29 the 
interfacial areas of stock emulsions II, III, and IV 
of Table I were found to be, respectively, 1.92, 
1.85, and 1.93 X 104 cm.2/ml. oil. Adsorption 
data obtained with emulsion I, however, were so 
irregular as to prevent determination of its area. 
Emulsion VI, prepared in the same way as the 
others but using freshly extracted SDS, had an 
interfacial area of 1.64 X 104 cm.2/ml. oil.

Effect of Impurities on Ultracentrifugal Stabil­
ity.—The ultracentrifugal stability decreases the 
greater the purity of the SDS used as an emulsifying 
agent. With 50% Nujol-50% water emulsions 
centrifuged at 39,460 r.p.m. (113,154 g) the rate 
of loss of oil was 0.136%/min. when 0.2% technical 
SDS was used as emulsifier but rose to 0.51% using 
pure SDS. Ether extraction of the SDS immedi­
ately prior to use further increased the rate to 0.63% / 
min. Likewise at 0.45% SDS, ether extraction

(27) F. van Voorst Vader, Trans. Faraday Soc., 56, 1067 (1960).
(28) W. Kling and H. Lange, “ Proc. Second Int. Congress Surface 

Activity,”  Butterworths Scientific Publications, London, 1957, p. 295.
(29) A. S, C. Lawrence and O. S. Mills, ibid., 1, 200 (1957).

of the SDS just before use increased the rate of 
separation of oil from 0.16% to 0.22%/min.

Effect of Centrifugal Speed.— Rates of oil sepa­
ration were determined on duplicate samples of 
50 ml. Nujol-50 ml. water emulsions stabilized 
with 0.2% technical SDS at speeds of 10,589, 25,- 
890, 33,450, 39,460. and 56,100 r.p.m. The rate of 
oil separation decreased rapidly with decreasing 
speed of centrifugation, and with the emulsions 
used was zero for at least 2.5 hr. of centrifugation 
at 10,589 r.p.m. This suggests the interesting 
possibility that coalescence may not occur in ex­
periments of this type until the force of the centrif­
ugal field just exceeds the rupture strength of the 
adsorbed layer of emulsifier, and so may provide a 
means of measuring the latter.

Effect of Aging on Interfacial Area.—From the 
Langmuir plots of the adsorption data in Table II 
it can be calculated that the interfacial area after 1, 
96, and 504 hr. is, respectively, 2.07, 2.12, and 2.25 
X 104 cm.2/ml. oil if the area per adsorbed SDS 
molecule is taken to be 50 Â .2 It is evident that 
the rate of change of area with time in this emulsion 
is too small and too slow to afford a satisfactory 
criterion of emulsion stability. Moreover, it 
might have been expected that the area would de­
crease with time as the drops coarsened, whereas 
instead it increases somewhat. Consequently the 
larger drops must disappear from the emulsion 
more rapidly than the small drops, either by 
coalescence with each other or by union with the 
bulk oil phase. A somewhat similar result was also
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observed with a heat-bodied linseed oil-water 
emulsion stabilized with 0.5% technical SDS, where 
the mean particle diameter determined micro­
scopically was found to be slightly smaller in the 
redispersed cream after centrifugation at 104 g. 
for 2 hr. than in the original emulsion.13

Discussion
Mechanism of the Process.— Considerable inter­

est attaches to just what property of an emulsion 
is measured by the rate of separation of oil in an 
ultracentrifuge and to the locus of its separation, 
whether uniformly throughout the creamed emul­
sion or predominantly at the oil-emulsion or 
wall-emulsion interface. That virtually no water 
is present in the emulsion layer during centrifuga­
tion necessarily requires that the oil drops be dis­
torted into a honeycomb-like shape so as to per­
mit packing with very little intervening free space. 
Under these conditions it is uncertain whether 
intrinsic differences in rate of coalescence with drop 
size in the original emulsion would be expected to 
hold in the centrifuged cream. Moreover, the 
effect of drop size on stability is not itself very well 
understood, some investigators predicting and 
finding that the stability increases with decreasing 
size,30 others that it decreases,7'8’31 while yet 
others32 find no obvious relation.

Provided that the rate of coalescence does de­
pend on the size of the drops, it would be expected 
to change with the extent of coalescence if frac­
tionation of drops according to size had occurred 
during formation of the creamed emulsion layer in 
the ultracentrifuge. The rate of separation of oil 
would still vary with the amount of separated oil 
if fractionation had occurred, because of the greater 
contribution to bulk oil resulting from coalescence 
of larger drops, unless there were an improbable 
compensation between drop volume and probability 
of coalescence. That this rate remains constant 
over the range between 20 and 60% of oil separated 
suggests that subsequent to the initial rapid 
elimination of coarsely dispersed material the dis­
tribution of drop sizes is probably uniform through­
out the residual creamed emulsion. This conclu­
sion is further supported by the fact that the rate of 
oil separation was not affected by variation in the 
time used to reach the operating speed of the ultra­
centrifuge, since variations in the latter would 
change the extent of fractionation resulting from 
differential sedimentation of drops of differing size. 
Possibly, however, the observed constancy of be­
havior throughout so much of the depth of the 
creamed emulsion layer is due to the space-filling 
shape of the distorted oil “ drops”  therein, since if 
coalescence is occurring principally at their poly­
hedral surfaces its rate might be nearly independ­
ent of the original size distribution of the drops.

Coalescence at the wall as the rate-determining 
step is ruled out since the area of the wall-emulsion 
interface decreases continuously during separation 
of oil with no change in rate.

(30) E. G. Cockbain and T. S. McRoberts, J. Colloid Sei., 8, 440 
(1953).

(31) T. Gillespie and E. K. Rideal, Trans. Faraday Soc., 52, 173 
(1956).

(32) G. L. Stanko, W. C. Fielder, and G. J. Sperandio, J. Soc. 
Cosmetic Chemists, 5, 39 (1954).

During the coalescence of drops to form a bulk 
oil phase, with consequent decrease of interfacial 
area, the desorbed SDS must either redissolve in the 
aqueous phase or be accommodated at the residual 
interface. The adsorption data show that if all 
the SDS liberated during the 75 min. required for 
separation of 60% of the oil from a 50% Nujol-50% 
water-0.2% SDS emulsion dissolved in the water 
the concentration would increase from 0.08% 
initially to a final value of 0.15%. Since the rate 
of separation of oil, which varies with the concen­
tration of SDS in this range, remains constant, it 
shows that the liberated SDS does not reach the 
sites where coalescence and further separation of oil 
are occurring. This also suggests that the emul­
sion-bulk oil interface is not the chief site of coales­
cence since if it were it should soon become satu­
rated, resulting in the same rate of oil separation 
independent of differences in the initial concentra­
tion of SDS in the emulsion.

Effect of Initial Concentration of Emulsifier.— 
As the initial concentration of SDS is increased, 
the stability of the emulsions first increases and 
then becomes independent of concentration. How­
ever, it is not the initial total concentration of SDS 
which is significant but the equilibrium concentra­
tion in the aqueous phase and the fraction of satura­
tion adsorption reached at the interface.

Stabilization appears to be due principally to ad­
sorption of the simple dodecyl sulfate ion. So long 
as the equilibrium concentration of SDS in the 
aqueous phase is below the c.m.c., increasing the 
total amount of SDS in the system increases the 
concentration of dodecyl sulfate ion, and therefore 
the amount of adsorption at the interface, with 
resultant decrease in the rate of separation of oil. 
Above the c.m.c. the concentration of the simple 
ion remains nearly constant despite further in­
creases in SDS concentration, and consequently 
beyond this point the ultracentrifugal stability 
should no longer be dependent on the concentra­
tion of SDS. In agreement with this view the 
data in Table I show that the rate of separation of 
oil becomes constant at initial concentrations of 
SDS somewhere between 0.35 and 0.4%. At 
0.4% the equilibrium concentration of SDS in the 
aqueous phase is 0.00818 moles/1., slightly higher 
than the c.m.c.

If it were assumed that the saturation limit of 
the Langmuir isotherm corresponds to formation 
of a monolayer of close-packed SDS on the oil 
drops then the values reported in Table I as frac­
tion of saturation adsorption might be interpreted 
as being the fraction of the surface covered with 
adsorbed stabilizing agent. On this basis it is 
clear that the rate of oil separation decreases 
rapidly as the extent of coverage increases, but 
becomes constant as soon as further increase in 
bulk concentration no longer results in any further 
increase in adsorption, this occurring at a fractional 
coverage of about 0.9.

There is considerable doubt, however, whether 
such an interpretation of the adsorption data is 
justified since no consideration has been given to 
the fact that a charged rather than a neutral film is 
formed.33 Even more serious is the uncertainty in
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the value to be used for the interfacial area in the 
ultracentrifugal field where the originally spherical 
droplets are distorted. For the values obtained 
in the adsorption experiments to apply directly to 
the ultracentrifugal situation any change of area 
due to distortion of drop shape must be the same 
in the angle centrifuge at 5000 r.p.m. as in the 
ultracentrifuge. If this is actually so, then the 
fraction of the interface covered with adsorbed 
SDS in the initial emulsion, where all the oil is 
present as spherical drops, would be larger than 
the values shown in Table I.

Acknowledgment.—-The authors wish to express 
their appreciation to J. de Groot for his help in 
instructing them in the use of the ultracentrifuge.

DISCUSSION
It. D. V old .—I wish to direct a question to Dr. Rehfeld. Can you offer any explanation for the fact that in your work, reported in the previous paper in this Symposium, a short period of centrifugation resulted in a large increase in drop size, whereas in our work even after prolonged centrifuga­tion the drop size remained small, as shown by the large difference between initial and equilibrium concentration of surfactant in the aqueous phase, as well as by crude micro­scopic observation?
S. J. R ehfeld (Shell Development Company).—I assume that you mean the difference between the equilibrium con­centrations of surface active agent in the aqueous phase as determined using the Servall angle centrifuge and its rela­tion to the amount of oil phase separated in the ultracen­trifuge.The geometry of the Servall centrifuge, the cell shape, and the magnitude of centrifugal force grossly differ from that of the ultracentrifuge. Therefore, the equilibrium concentration of the surface active agent in the aqueous phase after ultracentrifugation must be determined and shown to be approximately equal to the equilibrium con­centration found using the Servall angle centrifuge. Until this is done we cannot definitely state that any real differ- 33
(33) J. T. Davies and E. K. Rideal, "Intel-facial Phenomena," 

Academic PreBS, New York, N. Y., 1961, p. 93.

ence exists between our observed results on the ultracentri­fuge.
S. G. M ason (Pulp and Paper Institute of Canada).—-I wish to ask Dr. Void and Dr. Rehfeld if they consider that there is a 1 : 1  correspondence between emulsion stability measured with and without a centrifugal field? Also, on stopping the ultracentrifuge does the emulsion layer tend to spring back, i . e . ,  to increase in volume?
S. J. R ehfeld and R. D. V old .—There is not necessarily a 1 : 1  correspondence since in the centrifugal field the emulsion already is flocculated whereas in the initial emul­sion the oil is present as dispersed drops. On stopping the ultracentrifuge the emulsion layer will spring back only very slightly and increases in volume very slowly. Over a period of hours the compressed emulsion becomes slightly less viscous and more opaque.
E verett N. H iestand (The Upjohn Company).—Would the authors please comment on the shelf-life stability of flocculated emulsions and on whether they would expect the ultracentrifugal stability to correlate with the shelf- life of these emulsions?
R. D. V old.—Shelf-life stability may be defined as the extent to which an emulsion remains unchanged in appear­ance and macroscopic properties on quiescent standing. If it already is flocculated to begin with, the rate of floccula­tion is no longer involved, as is the case with normal emul­sions, but only the rate of coalescence of drops to form larger drops, and the rate of sedimentation (creaming) of both primary drops and aggregates (assuming a chemically inert system). In the ultracentrifuge, as operated in the present experiments, complete flocculation and gross distortion of drop shape have occurred by the time constant operating speed is reached. Hence the rate of appearance of free oil is governed by the intrinsic rate of coalescence, the rate of transport of oil through the flocculated emulsion, and pos­sibly the rate of coalescence of the creamed oil “drops” with the bulk oil phase. Sedimentation rate through a dilute emulsion of spherical drops would not necessarily be expected to correlate with that through the interlamellar spaces of the distorted, nearly water-free, flocculated emul­sion as it exists in the ultracentrifuge. Even if coalescence is the rate-determining step, shelf-life and ultracentrifugal stability may still not correlate if a surface yield value of the adsorbed film is important, since the ultracentrifugal field is so much greater than the gravitational. The question can be unambiguously answered only by additional experi­mental work.
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PREPARATIVE ULTRACENTRIFUGATION OF FOOT-AND-MOUTH DISEASE 
VIRUS THROUGH IMMISCIBLE FLUID INTERFACES INTO A CESIUM

CHLORIDE DENSITY GRADIENT1
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In order to effect purification in a short time, foot-and-mouth disease virus, type A, strains guinea pig GB and tissue culture 119, was centrifuged in a swinging bucket rotor from aqueous solutions through an immiscible organic layer into a short column of CsCl solution isodense with the virus. The organic layer was made of various combinations of volatile and non­volatile solvents including trichlorotrifluoroethane, chloroform, diethyl phthalate, dibutyl phthalate, diethylhexyl sebacate, octanol, and butanol. Selective penetration occurred when the organic separator was of lower density than the solvated virus particles and the protein contaminants of higher density were not too concentrated at the upper interface. Removal of tissue particles of similar density and size to the virus could be achieved. The solvated density of the virus was increased by addition of CsCl and penetration was demonstrated by sedimentation or flotation for the density range 1.01-1.54 g./ml. Purification factors were computed from analytical ultracentrifuge patterns. Electron micrographs revealed hexagonal close packing of particles in phosphotungstic acid after two cycles of three hr. centrifugation a t 37,000 r.p.m. in a 5-ml. SW 39 tube. Sodium ethylenediaminetetraacetate at about 0.03 M  partially stabilized purified virus and did not interfere with electron microscopy.
Introduction

Organic fluids, both miscible and immiscible with 
water, have been used in various arrangements in 
preparative and analytical centrifugation. The 
miscible systems were selected to change the prop­
erties of the solvent, and the centrifugation was of 
the moving boundary type.2'3 They will not be 
considered further; here the interest is with organic 
fluids that are immiscible with aqueous solutions of 
salts, proteins, and viruses. Such fluids have been 
applied for the batchwise purification of biological 
fluids by the selective denaturation of undesired 
proteins.

Six other centrifugal uses of immiscible fluids, 
described in the literature, are shown schematically 
in Fig. 1 A-F, together with the one of this paper in
G. In A, an organic fluid is used to prevent the 
collapse of the tube.4 In B, an organic phase 
below the aqueous solution avoided pelleting solute 
onto the lusteroid tube, enabling better resuspen­
sion.5 A similar application in the analytical cell 
(Fig 1C) provided a second meniscus for sedimen­
tation equilibrium measurements such as depicted 
in the schlieren diagram.6-8 Figure ID illustrates 
the proposal of Stenesh, et al.,9 for density measure­
ments. A compression gradient in the organic phase 
caused the aqueous drops to move upward to a 
radius corresponding to their own density.

Of direct relevance to the present work is that of 
Bendet, et al.,10 (Fig. IE) where the solute of the

(1) Presented at the 36th National Colloid Symposium, Stanford 
University, June, 1962.

(2) E. D. Rees and S. J. Singer, Arch. Biochem. Biophys., 63, 144 
(1956).

(3) H. L. Crespi, R. A. Uphaus, and J. J. Katz, J. Phys. Chem., 
60, 1190 (1956).

(4) L. Levintow and J. E. Darnell, Jr., J. Biol. Chem., 235, 70 
(1960).

(5) D. R. Stanworth, K. James, and J. R. Squire, Anal. Biochem., 2, 
324 (1961).

(6) H. K. Schachman, “Ultracentrifugation in Biochemistry,” 
Academic Press, New York, N. Y., 1959, p. 186.

(7) D. A. Yphantis, Ann. N .  Y. Acad. Sci., 88, 586 (1960).
(8) J. E. Hearst, J. B. Ifft, and J. Vinograd, Proc. Natl. Acad. Sci., 

U. S., 47, 1015 (1961).
(9) Described by Schachman, ref. 6, p. 178.
(10) I. J. Bendet, C. E. Smith, and M. A. Lauffer, Arch. Biochem. 

Biophys., 88, 280 (1960).

upper aqueous phase penetrated the organic fluid. 
The backward displacement of the aqueous-organic 
interface was measured to calculate the solute 
hydrodynamic volume. The shape of the centrifuge 
cell magnified the displacement. The analytical 
ultracentrifuge was used and purified preparations 
were required. For Southern bean mosaic virus 
and E. coli, the density of the organic phase had to 
be less than the panicle hydrodynamic density, 
corresponding to 0.98 ml./g. and 3.3 ml./g. hydra­
tion, respectively.

“ Differential flotation”  of living cells was pro­
posed by Ballentine and Burford11 (Fig. IF). The 
organic phase density had to be between those of 
the cells to be separated. Negligible solvent was 
carried down, permitting the sedimented cells to be 
freed from original growth medium. Criteria cited 
by them for the organic phase were: (a) suitable 
density, (b) negligible solubility in water, (c) 
physiological inertness, (d) low viscosity, and (e) 
low volatility. Diffusion pump oils such as phthalic 
acid esters and di-2-ethylhexyl sebacate were rec­
ommended.

The arrangement described in this paper is shown 
in Fig. 1G,—here the solute (virus) must penetrate 
the organic phase and emerge into a CsCl solution 
adjusted to the isodensity of the solute. The 
organic separator permits the use of a column of 
CsCl small enough12 so that sedimentation occurs 
in a short time. Relatively large volumes of virus 
can be layered on top of the organic separator. 
Because the hydrodynamic density of protein con­
taminants is greater than that of the virus, the 
process is not principally differential flotation. 
Rather, organic fluids were chosen to permit dif­
ferential penetration. For the virus of interest, 
foot-and-mouth disease virus (FMDV), the batch- 
wise shaking of infectious aqueous fluids showed 
that chloroform,13 chloroform and butanol, or

(11) R. Ballentine and D. D. Burford, Anal. Biochem., 1, 263 
(1960).

(12) K. E. Van Holde and R. L. Baldwin, J. Phys. Chem., 62, 734 
(1958).

(13) G. Pyl, Arch. Exptl. Veterinaermed., 7, 238 (1953).
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trichlorotrifluoroethane14 15 resulted in purification 
without loss of infectivity, while trichlorotrifluoro­
ethane, with or without heptane, selectively sepa­
rated virus from unassembled protein subunits.18’16 
Even though these chemicals are volatile, it will be 
shown that they can be employed.

The development of isodensity centrifugation for 
the analytical study, as well as purification, of 
viruses was initiated by Meselson, et al.,17 and has 
been reviewed, along with moving zone density 
gradient methods, by Spinco.18 Studies on FMDV 
indicated that the CsCl isodensity value was 1.43 ±  
0.01 g./ml., which is significantly higher than that 
of most protein contaminants of density about 1.33
g./m l.19 The CsCl phase in Fig. 1G thus acts in a 
differential flotation manner allowing further puri­
fication and concentration without pellet formation.

A virus is a useful colloid for studying the proc­
esses involved in penetrating interfaces because its 
infectivity assay permits measurement of concen­
tration changes as great as 106-fold, even in the 
presence of other protein and nucleoprotein con­
taminants. This paper presents data on such pene­
tration by FMDV to develop preparative proce­
dures for its concentration and purification from 
crude harvest fluids.

Experimental
Virus Source and Assay.—Laboratory stock FMDV, type A, strain GB, highly adapted to guinea pigs, was inoculated into the hind pads of guinea pigs and both the infectious vesicular fluid (VF) and foot pads (FP) were harvested 24 hr. later. Infectivity titrations were made in suckling mice20 using decimal dilutions with a litter of 10 mice per dilution and with litter mates randomized as suggested by Subak- Sharpe.21 Mice were inoculated intraperitoneally with 0.03 ml. of the dilution. End-points, computed by the Spear- man-Karber Method, 22 had a standard deviation of 0 .2  log unit. Some of the organic fluids killed suckling mice when injected undiluted, but none did so at 1 0 _1 dilution; hence there was no interference with the virus assay. CsCl solu­tions and normal serum also had no deleterious effect on the mice.Tissue culture (TC) adapted FMDV, type A, strain 119, was collected from infected bovine kidney epithelial cell cultures, precipitated with methanol, resuspended, and clarified.14 This concentrated TC virus solution (SPaio) was titrated by the plaque assay method23 in 4-oz. prescrip­tion bottles, using a 0.1 ml. inoculum. In this series of ex­periments there was a standard deviation of about 20%. SP»ic or VF purified further by organic solvent extractions are denoted as aqueous phase (AqPh) .14Solutions.—Trishydroxymethylaminoethane huffer solu­tions were used at 0.16 M , except for electron microscopy. CsCl and disodium ethylenediaminetetraacetate (EDTA) were used as obtained from Fisher Scientific Co., Fairlawn,N. J. The pH of these solutions was adjusted to 7.4-7 .8 before use.
(14) H. L. Bachrach and S. S. Breese, Jr., Proc. Soc. Exptl. Biol. 

Med., 97, 659 (1958).
(15) M. Mussgay, Z. Hyg. Infektionsk-ankh., 146, 48 (1959).
(16) F. Brown and B. Cartwright, ./. Immunol., 85, 309 (1960).
(17) M. Meselson, F. W. Stahl, and J. Vinograd, Proc. Natl. Acad. 

Sci., U. S., 43, 581 (1957).
(18) “ Spinco Technical Reviews. An introduction to density 

gradient centrifugation,” Beckman Instruments, Inc., Spinco Divi­
sion, Palo Alto, Calif., 1960.

(19) R. Trautman and S. S. Breese, Jr., J. Gen. Microbiol., 27, 237 
(1962).

(20) H. H. Skinner, W. M. Henderson, and J. B. Brooksby, Nature, 
169, 794 (1952).

(21) H. Subak-Sharpe, Arch. Ges. Virusforsch., 11, 1 (1961).
(22) See review by D. J. Finney, “ Statistical Method in Biological 

Assay,” Hafner Publ. Co., New York, N. Y., 1952.
(23) H. L. Bachrach, J. J. Callis, W. R. Hess, and R. E. Patty,

Virology, 4, 224 (1957).

Fig. 1 .—Arrangements for immiscible organic fluids and aqueous solutions in ultracentrifugation. In each group, the left hand figure shows the initial loading; the right hand, after centrifugation; the purpose of the organic fluid (cross hatched) is to: A, occupy spaes4; B, provide a liquid bot­tom5; C, provide a second meniscus6-8 (schlieren diagram at extreme right); D, make a compression gradient3 for aqueous droplets (solid circles) E, indicate hydrated vol­ume10; F, cause differential flotation11; and G, separate aqueous columns (this paper). Open circles represent faster component of higher density than crosses of slower s-rate and lower density.
The organic chemicals were used without purification or water saturation. Trichlorotrifluoroethane (F) was ob­tained from Allied Chemical Carp., Baton Rouge, La., as “ Genetron 113” ; di-2-ethylhezyl sebacate (S) from Con­solidated Vacuum Corp., Rochester, N. Y., as “ Octoil-S” ; diethyl phthalate (E) and dibutyl phthalate (B) from East­man Organic Chemicals, Rochester, N. Y.; chloroform (C); n-octanol (O), and «.-butanol (A) from Fisher Scientific Co. The lusteroid tubes were softened by E in 1 day, and by B in 2 weeks. The other chemicals lad  no effect.Density Measurements.—Acueous solutions were meas­ured in bromobenzene-m-xylenc gradients at 25° in 100-ml. graduated cylinders by the met! od of Jacobsen and Linder- str0m-Lang, 24 using standards determined by pycnometry. Organic solutions were measured in analogous manner in aqueous salt gradient columns. The “ nominal” density at 25° of mixtures was computed by linear interpolation by volume of handbook values for the density of the chemicals used and was found in agreement with the measured value. Because of volatility and partial miscibility, the “ nominal” density is used to denote the ccmposition initially mixed.Preparative Ultracentrifugation.—A Spinco (Beckman Instruments, Inc., Spinco D vision, Palo Alto, Calif.) swinging bucket rotor, SW 31, w'as used in the Model L ultracentrifuge operated at 37,000 r.p.m. at 4-10° without brake. In those cases in wilich tubes were to be centrifuged further, the rotor w'as slowfly reaccelerated, taking about 6 min. to reach 37,000 r.p.m.The 5 ml. lusteroid centrifuga tubes were filled as follows (Fig. 1G): first, 0.9 ml. of dens ty 1.42 g./ml. CsCl solution ( ~  40% w./w.); next, 0.9 ml of the desired organic fluid mixture was layered; then, 3.3 ml. of the virus solution was slowly discharged onto the centsr of the organic meniscus.After centrifugation, the tubes were removed to a 4° room and inspected for light scattering, using a narrow light beam. A tightly-banded light scattering zone (LS) at a density of about 1.43 ±  0.01 was indicative of FM DV .19 Fractions were removed by pipetting from the top with a Pasteur pipet, from a puncture in the side with 22 gage needle on a 1-ml. syringe, or by drop-out from a puncture in the bottom, depending upon which fractions were desired with­out contamination by the others. Most fractions were as­sayed for infectivity in addition to noting the presence of LS and the location of debris an I protein gel.
(24) C. F. Jacobsen and K. Linderstr0m-Lang, Acta Physiol. Scand., 

1, 149 (1940).
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T a b l e  I
E ffect of 1%  (w ./v .)  EDTA on Storage of P urified  FMDV under V arious C onditions 

Entries'* are drop in titer in log units
----------------------------------------------- Time of storage^-----------------------------------------------
■0—1 day-------- % -■----------- 0—1 wk.------------» /—— -——1-4 wk.---------- » «■-------- -4—16 wk.

FMDV
Strain Conditions None EDTA None EDTA None EDTA None EDTA

A/GB Dialyzed 0.2(32) 0.3(18) 1 .5 /7) 1.0/16) 3 .2 /7 ) 1 .9 /4 )
A/GB In 3.4 M  CsCl 0.7(15) 0 . 1 ( 6 )
A119 Dialyzed 0 .5 /5 ) 0 .3 /9 ) 2.2(13) 0.9(14) 1 .8 /4) 1 .8/ 1 1 ) 4 .3 /1 ) 2 .3 /9 )
A119 In 3.4 AT CsCl 0.4( 1 ) 0.3( 5)
A119 Dialyzed, stored —60° 1.5( 2) 0.4( 2 ) 2 .1(3) 0.2 ( 4) > 3 .7 (1 ) 0 .6 ( 1 )

0 Number in parentheses is the number of values averaged. b Stored a t 4° except as noted in last row. c No significant difference with or without CsCl, hence all values were averaged.
Tubes with organic fluid densities above 1.2 g./ml. fre­quently were difficult to remove from the buckets. This was remedied in later experiments by using 0.2 ml. of H20  in the bucket, but sometimes tube creases resulted.Isodensity centrifugation without an organic fluid sepa­rator, for control or prior purification, was performed using a modification of the transient method of Matthews26 and of Trautman and Breese.19 In this, up to 3.8 ml. of the virus solution was layered over 1.5 ml. of a uniform CsCl solution of density 1.42 g./ml. After three hours centrifugation, the FMDV LS zone was below most of the debris, yet not pelleted.Analytical Ultracentrifugation.—A Spinco Model E ultra- centrifuge equipped with phaseplate schlieren optics was used for moving boundary experiments to determine sedimenta­tion rates and relative concentrations. Both 12 and 30 mm. double sector epon centerpieces were used. Photographs were measured on an optical comparator according to methods described elsewhere.26Electron Microscopy.—Virus suspensions, dialyzed against0.2 M  NH4OAc with or without 1% (w ./v.) EDTA, were diluted to an appropriate level with 0.2 M  (NH4)2C03 for spraying or spreading on formvar coated copper mesh screens. Phosphotungstic acid (2%) brought to pH 7.4 with 1 N  KOH was mixed with an equal volume of the diluted virus before mounting on screens. Electron micro­graphs were taken at approximately 26,000 X in an RCA EMU-3B electron microscope operated at 100 kv.

Results
Controls.—Since FMDV is a ribonucleic acid 

nucleoprotein, it was considered that M g++ might 
afford some stabilization in purified preparations, 
as with ribosomes.27 Preliminary data indicated 
that there was no improvement with 0.02 M  Mg++. 
Hence, a chelating agent, 1%  (w./v.) EDTA, was 
tried. The cumulative results for both virus strains 
that had at least one cycle of CsCl isodcnsity centrif­
ugation are shown in Table 1. The virus was di­
alyzed against a suitable buffer to remove CsCl as 
indicated. EDTA improved stability at 4° even 
for those samples remaining in CsCl. The TC A119 
strain is seen to be less stable than A/GB, hence the 
0-1 day storage values have been listed separately 
to show that the loss was not too severe for practical 
use. Over one week storage at 4° gave too great a 
loss, even though reduced with EDTA. At —60°, 
purified virus can be stored for long periods if 
EDTA is present. EDTA is now routinely used in 
all solutions, including the CsCl during the centrif­
ugation.

Because bottom fractions below an organic chemi­
cal were to be assayed for infectivity in this study, 
it was necessary to determine the contamination 
that could be expected without centrifuging. In 
each of two tubes, layered with infectious fluid

(25) R. E. F. Matthews, Nature, 184, 530 (1959).
(26) R. Trautman, J. Phys. Chem., 60, 1211 (1956).
(27) M. L. Petermann, J. Biol. Chem., 236, 1998 (1960).

above a mixture of F and S organic liquids and left 
standing 66 hr. at 4°, <10-3%  of the virus above 
the organic phase was found in the bottom CsCl 
phase. This is 1/1000 as much as the 1% level 
adopted here for evidence of penetration under the 
centrifugal field.

Factors in Efficacy of Virus Penetration of the 
Interfaces.— Using the arrangement of Fig. 1G, 
various mixtures of the organic fluids were surveyed 
for their effectiveness as a barrier for protein con­
taminants while permitting the penetration of 
FMDV. The 183 experiments having the upper 
(starting virus) aqueous solution at 1.01 g./ml. 
density were grouped in the various categories in 
Tables II-V  and scored as successes or failures. 
The effect of density and composition of organic 
fluid, location of debris, and source of virus were 
analyzed.

A. Effect of Density and Composition of Organic 
Phase.—-Table II gives the results grouped in the

T able II
E ffect of D ensity of the Organic F luid on P enetration  
by FMDV from A queous Solution of D ensity  1.01 g . /  

ml.
Entries are number of successful" runs/total in each group.

--------- --------------Organic fluid density range,& g./ml.-------- ---------------
1 .02-
1.04

1 .04- 
1.06

1.06- 
1.08

1.08-
1 .1 0

1 . 10-
1 . 1 2 > 1 . 1 2

8/8 62/64 35/49 33/38 10/18 1/ 6

" >1% recovery of infectivity in CsCl solution below organic fluid or presence of LS zone. 6 Calculated for 25° from composition of mixture used.
density classes indicated at the top, regardless of 
the chemicals involved or the location of debris. 
In many experiments, fractions were taken on 
either side of the light scattering (LS) zone in the 
bottom CsCl solution. The infectivity measure­
ments confirmed19 the identification of such LS with 
banded virus. Hence 17 experiments that had no 
infectivity assay were included on the basis of pres­
ence or absence of LS. For the 166 main experi­
ments, the criterion for penetration was that > 1%  
virus infectivity was recovered in the entire bottom 
CsCl solution regardless of LS. In Table II it is 
seen that, proportionately, success declines above
1.10 g./ml. organic phase density and drops sharply 
above 1.12 g./ml. In Table III, 151 runs between
1.04 and 1.10 g./ml. were classified according to the 
organic mixture used. There seems to be no com­
bination of chemicals which has a significantly low 
ratio of success, hence organic fluids may be selected 
for other properties than merely passing virus.
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T able  III
E ffect of C omposition of the O rganic Fluid of D ensity  1.04—1.10 g. / ml. on Penetration  by FMDV from A queous

Solution of D ensity 1.01 g. / ml.
Entries are number of successful“ runs/total in each category

Dense organic component
B

(Dibutyl phthalate,
------------------------- Density diluent---------------------

S 0
( Di-2-ethylhexyl (Octanol, 0.8226')

A SA»
(Butanol, 0.8057')

F (trichlorotrifluoroethane, 
1.5635')

1.0416') sebacate, 0.9095') 
32/38 2/2C (chloroform, 1.480T) 1/2 23/25 30/31 1/3

F C d 20/26 1 / 1 2/3E (diethyl phthalate, 1.1133') 4/4 6/7 2/3 1 / 1None 5/5 . . .

“ >1% recovery of infectivity in CsCl solution below organic fluid or presence of LS zone. b Used in variable proportions. ' d254 g./ml. d Used in equal proportions by volume.
If the hydration of FMDV is 1 ml./g., similar to 

that measured by Bendet, et oZ.,10 for Southern bean 
mosaic virus, and if the 1.43 g./ml. isodensity in 
CsCl is assumed to be the dry density, then the 
hydrated density would be 1.18 g./ml. Hence it is 
concluded from Tables II and III that, for penetra­
tion, the density of the organic fluid should be less 
than the hydrated density of the virus. This is 
consistent with the observations of Bendet, et al.10 
Ruled out as factors for penetration are dry density 
and the nature of the organic fluids. Also elim­
inated are interfacial tension, viscosity, water 
solubility, and volatility, because of their wide 
variation in the mixtures of Table III.

B. Location of Debris after Centrifugation.—It 
is important for purification that any sediment of 
non-viral contaminants be retained at the upper 
interface. Table IV presents the results of 120 runs, 
using F, C, or FC as the dense component and 0  or 
S as the diluent where the location of debris was 
visible. Those having 0  as the density diluent are 
listed in the first row, and those with S, in the second. 
Considering first the 0 , it is seen that debris ap­
peared at the lower interface for all densities up 
through 1.11. Since this is the highest density 
that should be used to pass virus (from Table II), O 
is not a good diluent for F or C. But mixtures con­
taining S, indicated in the second row, are seen to 
retain the debris at the upper interface over 60% of 
the time. The lower portion of the table gives an 
analysis of the same S runs of the 1.04-1.11 density 
range in terms of volume, time, and density to de­
termine the reasons for failure to retain debris at 
the upper interface. It is seen that a higher per­
centage of successes was obtained the higher the 
density, the shorter the time, or the smaller the 
volume, each factor being practically independent 
of the others.

The mechanism by which the protein gel and 
debris got to the lower interface will be considered 
in the section on density measurements after cen­
trifugation.

C. Effect of the Nature of the Contaminants.—
When impure preparations were studied, it was 
found that the minimum time required to detect a 
fight scattering zone was increased over that with 
purified preparations, and the zone appeared higher 
in the CsCl solution. This meant that the mere 
presence of a narrow fight scattering zone of virus 
in the bottom layer after 3 hr. did not necessarily

T able IV
E ffect of D ilu en t , D ensity , V olume, and T ime on the 

R etention  of D ebris at Upper  I nterface 
Entries are the number of runs with visible debris or gel at upper interface/total number of runs made

------Organic fluid density range,b g./ml.----- .
Diluent® 1.02-1.04 1.04-1.11 > l . l lO (octanol) 0/4 0/31 5/5

S (di-2-ethylhexyl seba-
cate) 1 / 1 46/74' 5/5

-Density range-
1.04-1.07 1.07-1.11 Voi. (ml.) Time(hr.)

10 / 12 8/8 0.9-1 .5 2-3.5
1 / 1 7/10 0.9-1 .5 4-10
0 /1 2/3 2 .0-4 .0 2-3.5
1/ 10 17/29 2.0-4 .0 4-10

° F, C, or FC runs as dense component, either O or S as diluent. 6 Calculated for 25° from composition of mixture used. Aqueous starting virus density was 1.01 g./m l. c These runs are further analyzed below.
mean that equilibrium had been reached. The virus 
could still be moving as a zone to its correct posi­
tion.

To demonstrate that the nature of the contami­
nants was involved, the same 151 runs between 1.04 
and 1.10 density of Tables II and III were classified 
as to the magnitude of the recovery of infectivity 
and as to the source of the infectious fluid. The 
results are given in Table V. Consider first the left 
hand part of the table on guinea pig virus, strain 
A/GB. Of 13 runs in the first column on vesicular 
fluid that had been previously clarified by shaking 
with organic fluids (AqPh), 55% had a recovery of 
<1% . Foot pad material (FP) had fewer failures, 
but also only one run with >50%  recovery. Un­
treated vesicular fluid (VF) was best of the three 
crude starting fluids, with 38% of the 106 runs giv­
ing >50%  recovery. Equal or superior results were 
obtained with material that had undergone at least 
one prior cycle of centrifugation (Purified). It 
appears that crude materials contain debris of 
higher s-rate than that of the virus which coats the 
upper interface impeding penetration of the virus, 
or there may be a variable dénaturation of the 
debris. Since AqPh runs had lower recoveries than 
those with VF, the material that blocked the inter­
face was not removed by organic extraction, but 
was increased by the partial dénaturation of some 
of the protein. A check of this hypothesis was 
made by using fresh unclotted VF. No LS zone 
was seen after 3 hr. and only a faint one after 6 hr.
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T able V
E ffect of the Source of I nfectious F luid on the Recovery of Virus I nfectivity

Entries“ are the number of runs made
--------------- Guinea pig A/GB----------------- --------------------- --------Tissue culture Al 19----------

range (%) AqPh& FPc VF<* Purified e SP.lo/ AqPh® Purified e
>50 2 (15%)5 1 (9%) 40(38%) 5(42%) 0 0 2
1-50 4(30%) 9(82%) 55(52%) 7(58%) 2 2 1

<1 7(55%) 1 (9%) 1 1 ( 10 %) 0 1 1 0
“ Number in parentheses is percentage of total runs in each column. 6 Aqueous phase (AqPh) from batchwise extraction of vesicular fluid with chloroform, butanol, or trichlorotrifluoroethane. c Suspension of homogenized foot pads (FP). d Ve­sicular fluid, frozen once. 6 After one centrifugation into CsCl, either with or without organic interface. f  Soluble part of the alcohol precipitate (SPsi„). g Similar to b , but from SPaic.

However, with the same VF, after clotting and cen­
trifuging at low speed, an intense LS zone was ob­
tained in 3 hr. The variable results with VF ap­
parently depended upon treatment prior to freezing, 
such as clotting and preliminary low speed centrif­
ugation.

The tissue culture fluids showed the same trend, 
even with the small number of runs made, as seen on 
the right hand side of Table V.

Both tissue culture concentrates and guinea pig 
foot pad suspensions were found to contain general 
light scattering material surrounding the viral light 
scattering zone in CsCl isodensity runs without 
organic fluid. However, this non-specific tissue de­
bris was reduced by batchwise organic extraction, 
and also by sedimentation of the virus through the 
organic phase.

D. Effectiveness of Organic Fluid in Keeping 
Aqueous Phases Separate.—The immiscible fluid 
was selected to compartment the CsCl solution so 
that sedimentation equilibrium would be reached 
faster than if the entire tube were used, and to keep 
contaminants out of the region to be occupied by 
the virus. One measure of the success in keeping 
the two aqueous solutions separated is the change in 
density of the bottom solution after centrifugation. 
If it is diluted by water from its nominal density of
1.42 with 0.25% of its volume, the density will drop 
0.001 g./ml., the limit of error in the measurements 
made. It can be seen (Table VI) that in the major­
ity of runs the density did not change by more than 
0.0005, on the average, even in long runs. Runs at 
the bottom of the table were grouped on the basis 
of large density changes. Contamination, indicated 
by a decrease (negative), occurred with large 
volumes of crude fluid, long centrifugation time, or 
mechanical difficulties in the layering or fractiona­
tion. As a result it is concluded that both the CsCl 
solution and the organic phase should be at least 
0.8 ml. deep; and if the top fraction is removed, it 
should not be pipetted all the way to the organic 
phase because the air-H20  and H20-organic fluid 
interfaces will condense and leakage around the 
organic liquid can occur.

The mechanism by which protein gel and debris 
reached the lower interface is suggested by the den­
sity measurements. If the gel became too concen­
trated, a density inversion with the organic sepa­
rator could occur. Not only did the gel go to the 
lower interface, but also some aqueous fluid which 
diluted the lower CsCl solution.

E. Complications.— There are three complica­
tions when using organic fluids in centrifugation: 
volatility, partial miscibility, and compressibility.

T able VI
E ffectiveness of Organic Separator as I ndicated by 
Change in Density of the Bottom CsCl Solution Cen­

trifuged for Various T imes
Time Density change
(hr.) Debris® (g./ml.)
3 L 0 .0 0 1

3 N .002

37* U .001

372 u .000

472 L .000

57a U -  .002

7 7  2 U .003
772 U .000

77* L .001

772 L -  .002

77* U .000

873 U .001

873 U -  .001

872 U .0026

9 L -  .001

10 U .003'
Av. 0.0005

3 L —0.027^
472 L -  .022 '
772 L -  .006'
872 L -  .0296

10 U -  .010 '
“ Debris located at U, L, upper, lower organic-water in­terface, respectively. N, purified starting material, no debris visible. 6 Tube unintentionally frozen before run. 

c Standing 51 hr., 4° after run before fractionation. d Top sample vol. 4.0 ml., 0.6 ml. organic phase. e 0.5 ml. CsCl, 
0.6  ml. organic phase inclined to tube at end of run. 1 Red dye indicator in top showed leakage around organic phase when top fraction removed.

Consider first volatility. It is imperative that 
the desired mixture be made immediately before 
use and not mixed excessively. This reduces the 
change in density by evaporation. For the “ CS” 
system, it was best to put the required volume of 
chloroform in each of three glass tubes, then layer 
the diethylhexyl sebacate on top. This prevented 
the chloroform from evaporating. Just before lay­
ering the infectious fluid in each tube, the organic 
fluids were mixed and transferred above the CsCl 
phase.

All of the fluids used are not completely miscible; 
that is, on standing they will separate into two 
phases, the lowrer one richer in the denser compo­
nent.28 This separation is not always visible, but is 
easily detected by taking drops from the top and

(28) S. Glasstone, "Textbook of Physical Chemistry,” 2nd ed., D. 
Van Nostrand Co., Inc., New York, N. Y., 1946, p. 721.
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bottom and measuring their densities in a salt gra­
dient column. All the density diluents used in this 
study with the trichlorotrifluoroethane were only 
partially miscible, giving an upper phase on stand­
ing less dense than water. Chloroform-diethyl- 
hexyl sebacate mixtures at a nominal density of 
1.082 g./ml. [30% (v./v.) chloroform] were also 
partially miscible; nevertheless, their upper phase 
was more dense than water. This partial miscibility 
provided an incidental density gradient in the or­
ganic fluid, not evident with the non-volatile, mis­
cible fluids such as “ ES”  or “ EB.”

The virus solution during loading of the centri­
fuge tube, even when layered carefully, may sepa­
rate the partially miscible fluids and carry a portion 
to the top. A sample of such an upper organic fluid, 
when introduced into the virus solution, was found 
to float. In this situation, the organic fluid remain­
ing below the virus solution must have been more 
dense than calculated from the initial volumes 
mixed. Some of the organic phase can also be 
trapped on top by surface tension as the virus solu­
tion is layered. Initially it may be more dense, as 
tested in the same manner, but in a few minutes, 
evaporation of the volatile component makes it 
lighter.

The third complication is compressibility of the 
organic fluids under the centrifugal field. Theoret­
ically, this makes the density greater than that 
calculated from the composition of the organic 
phase. Both this and partial miscibility imply that 
the density of 1.12 g./ml. is probably a lower limit 
for the hydrodynamic density of the virus. An 
observed effect of the compressibility was to cause 
a density inversion due to the field, if the organic 
fluid density was selected too close to that of the 
underlying CsCl solution.

Effect of Initial Aqueous Density.—An increase 
of the solution density with CsCl can increase the 
solvated density of the virus by dissolving salt in 
the hydration mantle. For aqueous densities 
greater than 1.43 g./ml., the virus floated and in 
these experiments the starting solution was placed 
below the organic phase and the recovery was 
computed for the top solution. Figure 2 shows the 
results of 17 runs not previously counted that had 
starting aqueous densities greater than 1.01 g./ml. 
and the six runs indicated in Table II (of aqueous 
density 1.01) but with organic fluid density greater 
than 1.12 g./ml. The shaded area indicates the 
density range of organic fluid that roughly encom­
passes the successful runs. Line C is the density in­
version limit, for below that line, in the sedimenta­
tion range, the top aqueous solution would be 
greater than the organic fluid and thus could not be 
layered initially. The other sedimentation limit, 
line B, is drawn from 1.43 g./ml., the CsCl isoden­
sity, to the 1.12 value deduced from Fig. 2, and 
through the plus and minus signs above 1.43 g./ml. 
The dashed line A shows the theoretical solvated 
density line if 1 ml./g. is assumed for the hydration. 
The discrepancy between lines A and B is due in 
part to the factors mentioned above under “ Com­
plications,”  or an error in the assumed hydration or 
partial specific volume.

This figure has a practical application in calcu-

Starting aqueous density.

Fig. 2.—Penetration by FMDV of organic separator ar­ranged as in Fig. 1G using aqueous solutions of various initial densities. Circles with plus sign, infectivity recovery >1% ; circles with negative sign, recovery <1% ; line A, solvated virus density as ordinate as function of aqueous density, assuming isodensity in CsCl at 1.43 g./ml. as dry density and hydration of 1 ml./g.; line B, limit of organic fluid density for recovery > 1 % drawn from the data shown; line C, density inversion limit for organic density; cross hatched area is the permissible organic fluid density, which above 1.43 g./ml. cannot quite reach line C because of dif­ferential compressibilities of organic and aqueous phases.
lating the density of organic fluid to use for successive 
recycles of the virus fraction in which the density is 
decreased by dilution rather than by dialysis. Al­
ternatively the density can be increased by addition 
of a more concentrated CsCl solution and the virus 
recycled by flotation.

Purification
A. Analytical Ultracentrifugation.— Calcula­

tions from the schlieren patterns revealed that the 
virus in VF as harvested was 0.1% of the 37 mg./ 
ml. concentration of 4-19 S components (using the 
specific refractive increment of albumin). After 
one cycle of 5 hr. centrifugation through the organic 
separator, the virus was increased to 15% of the 
total of protein plus virus. This meant that the 
relative purification factor was 150-fold even though 
the protein hydrodynamic and dry densities were 
both greater than that of the organic phase (1.08 g ./ 
ml.) and some of the protein appeared in the bottom 
solution. A second cycle reduced these contami­
nants below the limit of resolution. If the purifica­
tion factor were the same as for the first cycle, con­
taminants would be reduced to 3% of the total 
unless some were selective^ permitted to pass. It 
is anticipated that purification factors would be 
even better with lower initial concentration of con­
taminants.

B. Electron Microscopy.— Figure 3 is a micro­
graph of FMDV from vesicular fluid prepared by 
two cycles of centrifugation through the “ CS” 
organic fluid. The initial run was one in the >50%  
recovery row of Table V. A dilution of the dialyzed 
virus solution reduced the EDTA to about 0.005 M  
in a mixture of NH4OAc and (NH/FCOs chosen to



19S2 R. T rautman, S. S. Breese, Jr ., and H. L. Bachrach Vol. 66

Pig. 3.—Electron micrograph of FMDV A/GB purified by sedimentation through “CS” immiscible fluid twice, dialyzed and dried in phosphotungstic acid; magnification 208,000X.
keep the pH constant on evaporation.29 It is seen 
that the purity was sufficient to allow close packing 
in phosphotungstic acid.

C. Recommended Protocol for FMDV.— Be­
cause crude harvest fluids contain debris that 
alters the interface and because the analytical 
untracentrifuge patterns showed some contamina­
tion by protein, two cycles of centrifugation are now 
employed. The first is a transient isodensity cen­
trifugation without organic separator (see Experi­
mental). This gives a concentration and purifica­
tion from a relatively large volume in a short (3 
hr.) run without pelleting. The virus fraction from 
the bottom can be either diluted or dialyzed, and 
for the second cycle is layered over 0.9 ml. of the 
appropriate organic fluid [30% (v./v.) “ C,”  70% 
“ S,” 1.0S2 g./ml., for FMDV] which is above 0.9 
ml. CsCl solution adjusted to a density slightly be­
low the isodensity value of the virus (use 1.42 g ./ 
ml. CsCl for FMDV). Within 4 hr., equilibrium 
conditions will be closely approached.

Discussion
The mechanism of the stabilization of FMDV by 

EDTA is not known. Presumably, it is a chelation 
effect. The fact that EDTA also stabilizes FMDV 
in strong CsCl solutions suggests that the loss of 
infectivity in crude CsCl reported elsewhere19 was 
due in part to impurities rather than CsCl alone.

The penetration of the organic fluid-water inter­
face may involve solubility or merely a centrifugal 
forcing-through of the large virus particle. Studies 
by Rosano, et al.,30 on the passage of salts and water 
through organic liquid membranes indicated that 
there must be solubility and that diffusion was the 
rate limiting step. In the centrifuge, the solute is

(29) D. E. Bradley, Virology, 15, 203 (1961).
(30) H. L. Rosano, P. Duby, and J. H. Schulman, J. Phys. Chem., 

65, 1704 (1961).

concentrated at the upper interface and any solute 
which penetrates is removed by sedimentation or 
convection. Thus, even if the partition coefficient 
were minute, material might be expected to be 
transported into and through the organic phase. 
Several runs made in density gradients composed 
solely of organic liquids showed that the virus sedi­
mented as a light scattering zone throughout the 
cross section of the organic fluid. At the lower in­
terface the virus dissolves CsCl into its hydration 
mantle, and sediments to its isodensity level. 
Some of the protein that appeared in the lower solu­
tion may also have been transported by this mech­
anism. The poisoning of the upper interface by 
contaminants was masked in early runs at low den­
sity of organic fluid by the density inversion of the 
protein gel, which also presumably could carry 
virus down to the CsCl solution.

Ballentine and Burford’s11 criterion of non-vola­
tility must be relaxed if certain organic liquids are 
desired for specific effects. Some of the results of 
density inversion and blocking of the interface by 
contaminants would also be possible in their system 
in long runs. It appears that all runs should be 
short and with as pure starting material as is con­
sistent with the result desired.

No account has been taken in these preparative 
studies of the effect of overlying liquids in changing 
the buoyant density of virus, as shown by Hearst, 
et al.s This effect, as well as precise correlation of 
the density for passage with the hydrodynamic 
density, may perhaps best be studied in the analyti­
cal ultracentrifuge. No attempt was made to use 
pure CsCl solutions with no extraneous ultraviolet 
absorbing impurities.31 Pure solutions need only 
be used in the final cycle where the organic phase 
separates a small volume of the scarce solution 
from the contaminated solution above. Also, water 
saturated organic solutions were not studied. 
Since water solubility increases considerably with 
pressure32 the organic fluid would not remain 
saturated under the field.

These preparative experiments were not designed 
to test for attainment of sedimentation equilibrium. 
Rather, the times were chosen to be at least twice 
as long as necessary to sediment the virus from the 
meniscus to the bottom of the upper aqueous solu­
tion, and were increased with impure preparations 
that exhibited blocking of the interface. An esti­
mate of the time for the short column of CsCl to 
reach equilibrium can be made by an extension of 
the argument of Van Holde and Baldwin.12 They 
showed that the time required to reach within e of 
sedimentation equilibrium for a dilute, uncharged, 
ideal solute was directly proportional to the square 
of the solution depth. Here e is one minus the ratio 
of the solute concentration difference at the column 
ends at any time to the difference at equilibrium. 
Even with the concentrated, charged, and non-ideal 
CsCl solute it would be expected that their conclu­
sions would still hold, as shown by the following 
argument.

Van Holde and Baldwin12 defined a parameter a
(31) J. E. Hearst and J. Vraograd, Proc. Natl. Acad. Sci., U. S., 47, 

1005 (1961).
(32) J. Griswold and J. E. Kasch, Ind. Eng. Chem., 34, 804 (1942).
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that involved the solute molecular weight, par­
tial specific volume, length and density of the 
solution column, and speed of rotation such that

t. =  F(a)(jb -  aY/D (1)

where te is the time to reach within e of equilibrium, 
a, b are radii of the top and bottom limits of the 
solution column, D is the diffusion coefficient, and 
F(a) is a function of e only, if a >  0.2. For e =  
0.01, F (°°) =  0.445. They showed that a also 
determined the equilibrium concentrations accord­
ing to

Cb/Ca =  C17“  (2)

With 40% (w./w.) CsCl, the equilibrium concen­
trations can be calculated33'24 35 for the case at hand 
of a 1 cm. column at 37,000 r.p.m. at 9 cm. Using 
equation 2 in reverse, these give an effective a of 4. 
Since this is so much larger than the 0.2 mentioned 
above, it is assumed that equation 1 is also valid for 
CsCl. Using the value of D =  2.22 X 10-6 cm.2/  
sec., interpolated from the da^a of Lyons and Riley,36 
gives ¿o.oi =  5.6 hr. Preparative runs need be no 
longer than this.

Whereas the time to reach equilibrium is inde­
pendent of the speed, the magnitude of the density 
gradient is proportional to the square of the speed. 
A high speed is important in exploratory studies in 
order to make certain the gradient brackets the 
density of the virus. Otherwise, the density might 
be too high for the virus to enter, or if too low, the 
virus would pellet. At 37,000 r.p.m., a 1 cm. column 
at the bottom of the SW 39 tube at 25° has a den­
sity difference of 0.010 g./ml. in a nominal 1.42 g ./ 
ml. CsCl solution.
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DISCUSSION
G. K egeles (Clark University).—Is there any effect of changing the speed of rotation while keeping all original compositions constant?
R. T rautman .—The effect of speed has not been studied, but should be an important variable in elucidating the mechanism of penetration.
S. G. M ason (Pulp and Paper Institute of Canada).— This separation may be based largely on the ability of the virus and enveloping water to wet (or coalesce with) the organic phase. If this is true the separation is analogous to the “flotation” process used in ore separation. I wish_ to suggest that you try the analog of flotation, i . e . ,  allow tiny
(33) J. B. Ifft, D. H. Voet, and J. Vinograd, J. Phys. Chem., 65, 1138 

(1961).
(34) R. Trautman, Arch. Biochem. Biophys., 87, 289 (1960).
(35) P. A. Lyons and J. F. Riley, J. Am. Chem. Soc., 76, 5216

(1954).

drops of organic liquid to sediment under gravity through the aqueous layer containing the virus.
R. T rautman .—The exact analog of the ore “flotation” process has not been tried. However, the virus solution has been shaken with heavier immiscible organic liquids, making an emulsion of oil in water. Upon slight centrifuga­tion to break the emulsion the virus is left in the aqueous phase and not sedimented with the oil droplets. Hence it is concluded that the virus is neither preferentially adsorbed to the interface nor highly soluble in the organic phase.
N orman G. A nderson (Oak Ridge National Laboratory). —Several years ago Dr. Nichols and I attempted to use a double gradient method to separate proteins. Briefly this method consisted in introducing a pre-formed gradient of Kel-F oil and paraffin oil into an analytical cell, and adding a few drops of a protein solution. At speed, the aqueous material found its own level in the non-aqueous gradient. As centrifugation continued the aqueous layer separated into first two and then many bands as the protein sedimented forming levels having different densities. We hoped to end up with one band containing the aqueous solvent and a second containing a leaflet of protein with only its water of hydration. Instead we always got several bands for reasons we do not understand. The method should be re-explored but may work better with viruses. You may find it possible to eliminate the cesium chloride and use a short non-aqueous gradient instead.
R. T rautman .—We have some preliminary preparative experiments on organic density gradients in which the virus was seen as a light scattering band. Extending the comment in the Discussion, the water solubility in the or­ganic phase could give several bands depending upon how much water had been removed from the protein solution. Cox and Schumaker [ J .  A m .  C h e m .  S o c . ,  83, 2439 (1961)] report that precipitated protein mixtures give aqueous isodensitv bands as separate components, not coprecipi­tated. I t  may well be that the analytical centrifuge will be the instrument of choice for elucidating the mechanism of penetration. Your experiment is quite interesting in that respect. We, of course, would like to eliminate the CsCl and hope to pursue the organic gradient work further.
H. K. Schachman (University of California).—One of the reasons the organic density gradient work referred to in this paper (ref. 9) is unpublished is tha t separation of the drops occurred. Perhaps the phenomenon Dr. Anderson was looking for occurred.
H. A. E nde (Chemstrand Research Center).—Since you are separating according to differences in density, would it not be possible to use the normal density gradient technique in separating the FMDV from contaminations? I  was thinking of using the density gradient method in connection with fixed partition cells. The conditions for collecting the FMDV in a band could first be established using an analyti­cal ultracentrifuge. Preparative separation then could be achieved by using a cell with two perforated bottoms bor­dering the region where the band is formed.
R. T rautman .—Isodensity centrifugation without organic liquid has been used, and in fact has been very helpful as a first step to reduce contaminants before final centrifugation through organic interfaces. One advantage of the organic liquid, not obtained with CsCl alone, is the^ selective purifi­cation from debris of s-rate and density similar to the virus. The aim of centrifugation procedures with viruses^ is to avoid pelleting or even collisions with walls or partitions, since recovery is greatly impaired. The analytical cells are too small for preparative procedures, and the swinging bucket tubes can be fractionated quite well without mechani­cal compartmentation.
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THE ZONAL ULTRACENTRIFUGE. A NEW INSTRUMENT FOR 
FRACTIONATING MIXTURES OF PARTICLES

By  N orman  G. A nderson

B i o l o g y  D i v i s i o n ,  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y , 1 O a k  R i d g e ,  T e n n e s s e e  
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The zonal ultracentrifuge is a new biophysical tool which allows particles to be separated on the basis of sedimentation rate or particle density. The rotor is a hollow cylinder with a total capacity of 1625 ml. divided by vertical septa into sector­shaped compartments. Two fluid-handling lines through the upper shaft connect the edge of the rotor and the central core with a flat rotating seal which presses against an external static seal. All operations, including introduction of the density gradient and the sample layer, and recovery of the gradient with its separated zones of particles, are carried out with the rotor spinning at speeds up to 5000 r.p.m. in a refrigerated evacuated chamber. The gradient is stabilized at all times by the cen­trifugal field. Particle separation is accomplished a t speeds up to 30,000 r.p.m. (51,161 X <7 at the maximum radius of 5.08 cm.). Subcellular components, including nuclei, cell membrane fragments, mitochondria, microsomes, ribosomes, and macroglobulin have been isolated using aqueous sucrose gradients. Tobacco mosaic virus and brome mosaic virus have been recovered in a high state of purity from crude extracts in one run. Types I, II, and III polio virus have also been isolated in quantity from tissue culture fluid. A number of alternate rotor configurations now under consideration are presented together ■ with data on the limits of rotor diameter attainable with aluminum and steel rotors.
A preparative ultracentrifuge capable of achiev­

ing zonal separations with a resolution approaching 
that of the analytical ultracentrifuge has been 
required for the isolation of subcellular particles 
and viruses, and for the separation of proteins and 
other macromolecules which differ in sedimentation 
rate or density. The development of such a zonal 
ultracentrifuge capable of separating particles down 
to the ,SVw20 size range is described in this paper. 
It appears that zonal separations in centrifuges can 
only be made in the presence of density gradients. 
The term zonal ultracentrifuge has therefore been 
adopted here in preference to the term density gra­
dient ultracentrifuge since the former term implies 
the presence of a density gradient. A preliminary 
report of this work has appeared.2

Density-gradient centrifugation using swinging- 
bucket rotors has been extensively reviewed.3-6 
The principles of zonal stability are largely derived 
from work on density gradient electrophoresis.6

Ideally, sedimentation should occur in sector­
shaped tubes or compartments to avoid undesirable 
wall effects. Early low-speed studies in glass cen­
trifuge tubes of modified sector shape7 demon­
strated that excellent separations of liver cell com­
ponents could be obtained; however, runs as long 
as 18 hr. were required, and only 2 ml. of sample 
could be separated per tube. To eliminate the long 
interval required for filling with the density gradi­
ent, a method was devised for loading the tubes 
while the centrifuge was running, using centrifugal 
force to prevent mixing.8 Recovery of the sepa­
rated zones was still made with the tubes at rest.

Since most of the difficulties encountered centered 
around the use of tubes, the possibility of eliminat-

(1) Operated by Union Carbide Corporation for the United States 
Atomic Energy Commission.

(2) N. G. Anderson and C. L. Burger, Science, in press (1962).
(3) (a) N. G. Anderson in “ Physical Techniques in Biological Re­

search,” Vol. I ll, Gerald Oster and Arthur W. Pollister, Editors, Aca­
demic Press, Inc., New York, N. Y., 1956, p. 299; (b) Ch. de Duve, J.
Berthet, and H. Beaufay, Progr. Biophys. and Biophys. Chem., 9, 326 
(1959).

(4) J. F. Thomson, Anal. Chem., 31, 836 (1959).
(5) M. K. Brakke, Advances in Virus Research, 7, 193 (1960).
(6) H. Svensson in “ A Laboratory Manual of Analytical Methods in 

Protein Chemistry Including Polypeptides,” Vol. I, P. Alexander and 
R. J. Block, Editors, Pergamon Press Ltd., London, 1960, p. 195.

(7) N. G. Anderson, Exptl. Cell Res., 9, 446 (1955).
(8) J. F. Albright and N. G. Anderson, ibid., 15, 271 (1958).

ing them entirely was next considered. It ap­
peared that a hollow rotor, with the internal volume 
divided by vertical septa into truly sector-shaped 
compartments, could be used if (1) the gradient and 
sample could be introduced, and (2) the separated 
zones were recovered while the rotor was spinning. 
A low-speed rotor9 demonstrated the feasibility of 
this concept, and a medium-speed 625-ml. rotor 
operating in air showed that gradients could be in­
troduced and recovered with very little change at 
speeds up to 18,000 r.p.m.

It is essential in rotors of this type to ensure that 
tangential flow in the rotor is eliminated. Fluid 
flowing to the rotor edge must be suitably channeled 
so that it has been accelerated to the tangential 
velocity obtaining at the edge of the fluid chambers. 
Similarly, as the gradient is displaced in toward the 
rotor core during unloading, it is greatly de­
celerated. In the absence of vertical septa, the 
energy involved will be dissipated as heat in the 
process of swirling the rotor fluid. Therefore, com- 
partmentalization of the rotor is essential.

Design Considerations.—The configuration 
chosen (Fig. 1) for initial high speed studies was 
dictated largely by the necessity of using existing 
components as far as possible. A Spinco Model L 
ultracentrifuge was modified by extending the 
vacuum chamber 9.9 cm. and adding a rotor tem­
perature sensing and control system. A liquid 
nitrogen trap was inserted in the vacuum line, and 
the drain which normally returns oil from the rotor 
chamber to the vacuum pump was clamped off. 
The plate containing the overspeed safety pin was 
also modified to prevent liquids in the chamber from 
draining down to the drive shaft.

Since the drive and support system was below 
the rotor, it was necessary to make fluid line con­
nections at the top, and to provide an upper bearing 
to center the rotor and provide a vacuum seal.

The rotor chamber is 25.72 cm. long, with an in­
side diameter of 10.16 cm. and a wall thickness of 
1.27 cm. The interval volume of 1625 ml. is divided 
by vertical septa into 36 identical sector-shaped 
compartments. The upper shaft is hollow with an 
additional small center tube so that fluid may be 
pumped into and out of the rotor at the same time.

(9) N. G. Anderson, Bull. Am. Phys. Soc., I, Series II, 267 (1956).
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Fig. 1.—Cutaway drawing of zonal ultracentrifuge rotor. Note divisions of internal volume into sector-shaped com­partments by vertical septa, central collecting core, and co­axial lines leading to upper seal: 1 , tubular rotor wall of 7075-T6 aluminum; 2, lower rotor cap; 3, upper rotor cap; 4, rotor core; 5, septa; 6, fluid line crossover; 7, upper rotor shaft; 8 , center upper fluid line; 9, upper bearing; 10, cool­antlines; 11, oil line; 12, rotor chamber top; 13, upper bear­ing housing; 14, rotating seal cup; 15, rotating seal; 16, upper static seal; 17, fluid line leading to rotor center; 18, fluid line leading to rotor edge; 19, seal pressurizing cylin­der; 20, fluid line to rotor center running through pressuriz­ing cylinder; 2 1 , fluid line to rotor edge running through pressurizing cylinder; 2 2 , fluid line opening at rotor edge; 23, fluid line opening in central core.
The center line connects to the rotor wall through 
four horizontal channels in the rotor cap. The outer 
line in the upper shaft connects to the central rotor 
core. The upper shaft ends in a flat Pickels seal 
made of Teflon filled with a metallic oxide. It 
presses against a flat static seal of aluminum coated 
with tungsten carbide. The upper seal and the 
upper bearings are both cooled with circulating ice 
water.

Operation.— In operation the empty prechilled 
rotor is accelerated to 5000 r.p.m. and filled com­
pletely at this speed. This is done by pumping a 
1200-ml. density gradient to the rotor edge, light 
end of the gradient first. The gradients most used 
ranged from 17 to 55% sucrose (w./w.) for tissue 
fractionation and 12 to 30% sucrose for viral and 
ribosomal separations. After the gradient was in 
the rotor a “ cushion” of concentrated sucrose (55

VOL. ((00 ml).

Fig. 2.—Comparison of density gradient produced by gradient engine and gradient recovered after 4 hr. at 20,75S r.p.m.

Fig. 3.—Widening of sample zone in zonal ultracentrifuge. Sample introduced as gradient containing 10 ml. of 8% bovine serum albumin and 10 ml. of 17% sucrose (w./w.). Bar indicates width zone would have in the absence of any diffusion or mixing. Sample introduced at 5000 r.p.m., ac­celerated to 25,000 r.p.m. for 5 min., and unloaded a t 5000 r.p.m., 5°.
or 66% ) was pumped into the rotor edge until the 
light end of the gradient began to flow out the core 
exit line, indicating that the rotor was completely 
full.

The sample (containec in a short density gradi­
ent) was then pumped i.ito the rotor through the 
core, forming a sample zone centripetal to the 
density gradient. This is followed by an “ overlay” 
solution having a density less than that of the 
sample layer, thus displacing the sample zone away 
from the core, but leaving the rotor full.

The centrifuge is then accelerated to operating 
speed (up to 30,000 r.p.m.). After the desired
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VOLUME (ml).
Fig. 4.—Chilled rat red cells centrifuged to equilibrium position 44.7% sucrose (w./w.) in zonal ultracentrifuge. Centrifuged 60 min. at 20,480 r.p.m. Effluent analyzed at 280 m/i using 0.2 cm. cell; 5°.

5 0 0  10 0 0  15 0 0
VOLUME (ml).

Fig. 5.—Separation of Type II polio virus from soluble proteins and nucleic acid. Centrifuged 180 min. at 27,800 r.p.m.; 5°.
separation has been completed, the centrifuge is 
decelerated to 5,000 r.p.m., and the gradient dis­
placed out through the central core by pumping a 
very dense solution to the rotor edge. As the 
gradient flows out of the rotor it is analyzed con­
tinuously for ultraviolet absorbance and, if desired, 
for protein concentration or enzymatic activity us­
ing automated analytical systems to be described 
elsewhere.

In initial studies carried out at Spinco Division of 
Beckman Instruments, Inc., considerable instability 
was observed when a flexible upper shaft was

used, or when the septa were omitted. The cause 
of this instability is not fully understood, but it is 
largely overcome by using a very stiff upper shaft 
with a lightly mounted upper bearing.

Performance Studies. Gradient Stability.—The 
gradient actually introduced into the rotor was 
analyzed refractometrically before being pumped in, 
and as recovered from the rotor. The results are 
shown in Fig. 2. When the short radius of the rotor 
is considered, the small changes are probably no 
more than might be expected. To see whether a 
concentrated sample layer maintains its position in 
the centrifuge, a sample gradient made from 10 ml. 
of 8%  bovine serum albumin in distilled water and 
10 ml. of 17% sucrose was layered over a 1200-ml. 
gradient varying linearly with rotor radius from 
17 to 55% sucrose (w./w.). After the sample was 
introduced, the rotor was accelerated to 25,000 
r.p.m. for 5 min., decelerated to 5,000 r.p.m., and 
unloaded. The ultraviolet absorbance of the 
effluent stream (Fig. 3) was recorded and the results 
were recalculated in terms of the rotor radius. The 
sample zone at a radius of 25.3 mm. would be 0.65 
mm. thick if no mixing or diffusion occurred. The 
peak recovered had a width of 1.6 mm. at half 
height, indicating that only a small amount of band­
spreading had occurred, due in part to the fact that 
the core used assumed vertical zones.

Separations may be made in density gradients on 
the basis of sedimentation rate or, if the equilibrium 
or isopycnic position is reached, on the basis of 
density alone. To see whether sharp separations 
could be obtained with both methods, the following 
experiments were performed. Chilled rat red cells 
become paracrystalline and cease to behave osmoti- 
cally.10 The equilibrium peak position of these 
cells is at 44.7% sucrose and shows a very sharp 
peak (Fig. 4). Whether the tailing of this peak is 
caused by mixing by laminar flow in the lines or 
because of inhomogeneities in the density of these 
cells remains to be determined. It is evident, how­
ever, that sharp banding based on approach to 
equilibrium may be obtained.

For rate studies, polio virus particles were used. 
These are homogeneous particles with a sedimenta­
tion coefficient of approximately 160. A partially 
purified suspension containing, in addition, soluble 
proteins and nucleic acid was separated as shown in 
Fig. 5. The solution represented by the small peak 
was concentrated and photographed in the analyti­
cal ultracentrifuge (Fig. 6) and in the electron 
microscope. While the preparation appeared to be 
homogeneous by these two methods of observation, 
it should be emphasized that the criteria used apply 
only to the physical properties of the particles and 
would not distinguish any non-viral particles pres­
ent having these properties. Thus far, polio virus 
Types I, II, and III have been isolated in this 
manner as well as tobacco mosaic virus and brome 
mosaic virus. It is apparent that the density gra­
dient ultracentrifuge is useful for the isolation of 
viruses.

More complex mixtures, including homogenates 
of mammalian tissues, have been successfully re-

(10) E. Ponder, “ Hemolysis and Related Phenomena,” Gruñe and 
Stratton, New York, N. Y., 1948.
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solved into their respective components using a 
gradient in which the larger particles are separated 
on the basis of their density and the smaller particles 
on the basis of their sedimentation rate. The six 
fractions seen (Fig. 7) in liver preparations include 
nuclei uncontaminated with whole cells, a fraction 
composed predominantly of “ cell wall”  material, 
mitochondria, endoplasmic reticulum with attached 
granules, ribosomes, and soluble materials. Since 
these are seen in a single analysis, the method con­
stitutes a new way of visualizing the cell parts. 
Characteristic differences, including a diminution in 
the amount of mitochondrial material in tumor 
tissue, have been seen.

At the speeds presently available, laige proteins, 
such as the macroglobulin of rat serum, which has a 
sedimentation coefficient of 18 (ref. 11) may be 
partially separated after prolonged 15-hr. runs. 
The useful range of the present machine, therefore, 
is down to approximately <S'202O. We consider it 
important to develop much higher centrifugal forces 
in zonal rotors for the following reasons. First, in 
many colloidal systems, especially synthetic poly­
mer preparations, it is important to be able to frac­
tionate mixtures on the basis of particle size and to 
obtain sufficient material from several fractions for 
chemical analysis. Secondly, in the fractionation of 
protein mixtures, most isolation methods are 
strongly charge-, or charge-to-mass-ratio depend­
ent. Thus the sequence of serum proteins ob­
served near neutrality in the Tiselius apparatus, the 
sequence eluted from diethylaminoethylcellulose,11 12 
and the order in which constituent proteins are pre­
cipitated with ammonium sulfate show certain simi­
larities. Not infrequently an isolation procedure 
yields a mixture of proteins resolvable only in the 
analytical ultracentrifuge. If a preparative zonal 
ultracentrifuge of sufficient speed were available, 
separation on the basis of sedimentation coefficient 
could be one of the early steps. We have inquired, 
therefore, into those factors which might limit the 
speed and resolution obtainable.

Rotor Configurations.— A number of rotor con­
figurations have been considered (Fig. 8). (A)
Rotor with vertical axis, supported and driven 
from below, with coaxial fluid line connections at the 
top of rotor (at end of upper shaft). (B) Rotor 
similar to A, but inverted. (C) Vertically mounted 
rotor, with shafts and bearings at each end, with 
one fluid line connection at each end. (D) Rotor 
suspended from above, with removable coaxial 
filling probe which is inserted for filling at low 
speed. The probe is removed and the rotor is 
capped for high speed operation, and then reinserted 
at low speed for unloading. (E) Internal skimmer 
rotor. (F) Any of the above systems having two 
bearings may be mounted, in instances described 
below, to rotate along a horizontal axis.

Configuration A has been used here to allow use 
of existing equipment. It is believed, however, 
that configuration B may prove to be more stable 
at high speed. It is hoped that a facility for testing

(11) N. G. Anderson, R. E. Canning, M. L. Anderson, and R. H. 
Shellhamer, Ezptl. Cell Rea., 16, 292 (1959).

(12) H. A. Sober and E. A. Peterson, Federation Proc., 17, 1116 
(1958).

Fig. 7.—Separation of rat liver brei in zonal ultracentrifuge. Centrifuged 240 min. at 20,758 r.p.m. a t 5°.
a number of the above rotor systems can be con­
structed in the near future.

At very high speeds b  may be advisable to re­
move all fluid line conn jet ions as suggested in D 
above and let the rotor hang free, as is done with the 
Spinco analytical ultraeentrifuge. The internal 
skimming system will probably find its greatest use 
at speeds below 20,000 r.p.m., where evacuation of 
the rotor chamber is no, essential. The skimmer 
consists of two stationary disks with an exit port in 
the center of one. As the fluid reaches the disks it 
is decelerated, producing a local decrease in the 
rotational velocity of the liquid and hence in the 
centrifugal force and pressure in the fluid between 
the disks. Fluid pressure at the same radius out­
side the skimmer forces t.ie fluid in the skimmer out 
the exit port. This principle has been previously 
used in the gas ultraeentrifuge.

One of the greatest difficulties in designing these 
so-called “ hoop-stress”  rotors arises from the dif­
ferential expansion of the rotor cylinder and the 
cap. In Rotor II used in the present studies the
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Fig. 8 .—Rotor configurations for zonal ultracentrifuges; description included in text: 1 , static seal; 2 , rotating seal;3, bearing; 4, drive system; 5, air turbine; 6, removable probe for filling and emptying rotor; 7, stationary skimmer system for making fluid line connections to rotor.
cap is held on by buttress threads on the inside of 
the cylinder. The cylinder expands during ac­
celeration, and at maximal speed makes contact 
with an outer rim on the cap. The cap, therefore, 
is accurately positioned only at rest and at top 
speed. While there are several ways to predeform 
the cylinder, or to compensate for expansion by 
deformation at top speed, these are not satisfactory 
solutions.

Maximum Speeds.—To obtain information on 
the speeds obtainable, equations which give the 
optimum wall thickness and maximal inside diam­
eter at a given rotational speed have been solved 
on a computer. Some of the results are listed in 
Table I.

Limitations on Rotor Length.— In cylindrical 
rotors spinning about a vertical axis, the rotor

length is limited only by total rotor weight, rotor 
stability at high speed, and by the loading and un­
loading speed, which in turn affects the design of 
the rotor core.

Future core designs must take into account the 
fact that no equal-density zone in the ultracentri­
fuge is ever truly vertical. Rather, each zone will 
form part of a paraboloid of revolution having the 
same axis as the rotor according to the equation

L =  w2r2/2  X  980 (1)

where
L  = length of parabola in cm., from vertex to the top of the rotor chamber
r  — rotor radius in cm.co = angular velocity in radians per second
With the core of rotor II, the maximal diameter 

is 3.785 cm. A rotor having a core of this upper 
diameter, according zo eq. 1, cannot be longer than 
500 cm. if it is to be loaded and unloaded at 5000 
r.p.m. The difference in radial position between 
the top and the bottom of the rotor at the maximal 
core diameter is approximately 1 mm. For maximal 
resolution the core should have a large number of 
collecting bands and should follow eq. 1 in its over­
all shape.

T able I
R adius and W all T hickness op C ylindrical B owl 

R otors for the Zonal U ltracentrifuge“
✓—Steel (Hytuf alloy)—' -—Aluminum (7075^T6)—->

Speed
(r.p.m.)

Insideradius
(cm.)

Wall
thickness(cm.)

Insideradius(cm.)
Wall

thickness(cm.)
15,000 15.21 3.51 12.3 4.42
30,000 7.62 1.75 6.12 2.21
45,000 5.08 1.17 4.09 1.48
60,000 3.81 0.879 3.25 1.17
75,000 3.05 .704 2.59 0.935
90,000 2.54 .587 2.16 .780

120,000 1.91 .439 1.63 .587
180,000 1.27 .295 1.07 .384

“ Kindly computed by Mr. A. A. Brooks, Flow Research Department, Technical Division, Oak Ridge Gaseous Dif­fusion Plant. Average fluid density assumed to be 1.7. Calculations also assume that the septa are centrally sup­ported.
The optimal gradient to be used in a given in­

stance is, in part, a function of the distribution of 
particle sizes in the sample. The following consid­
erations favor a convex gradient; (1) the greatest 
particle capacity ( ~ l /2  (d(7/dr) X zone thick­
ness) is needed near the sample zone since the 
largest concentration of particles will occur in this 
area; (2) the concentration of particles in a given 
zone diminishes as it moves centrifugally, according 
to the familiar equation13

Co (2)

and (3) the capacity of the gradient increases 
rapidly as the difference between particle and solu­
tion densities approaches zero.

In practice, linear (with radius) gradients have 
proved very useful because analysis of sedimenta-

(13) T. Svedberg and K. O. Pederson, “ The Ultracentrifuge,”  Ox­
ford, Clarendon Press, 1940.
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tion data is simpler, and because they give good 
resolution of mixtures containing particles having a 
very large size range. For example, extremely dense 
solutions are required to keep cell nuclei from reach­
ing the rotor wall, while very dilute solutions are 
needed if ribosomes are to be separated in a reason­
able time. A linear gradient with a dense “ cushion” 
allows both to be isolated from the same mixture.

The results obtained to date indicate that the 
zonal ultracentrifuge is a biophysical tool capable of 
achieving sharp separations of particles on the basis 
of sedimentation rate or density.

Note Added in Proof.-—During 102 runs with this in­strument, marked instability above 24,000 r.p.m. has been observed in several instances, resulting in excessive vibration and bearing heating. Self-balancing rotors with no upper bearing are under construction at the present time.
Acknowledgments.— During the development of 

this centrifuge, discussions with Drs. J. W. Wil­
liams, J. W. Beams, M. L. Randolph, E. G.

Pickels, and D. G. Sharp have been most helpful. 
Construction of the rotor, drive system, and upper 
bearing assembly was carried out under subcontract 
by the Spinco Division of Beckman Instruments 
Inc., with additional modifications being made at 
Oak Ridge. I am indebted to Dr. Jonas Salk for 
stimulating discussions and for quantities of polio 
virus, to Dr. Myron Brakke for TM V- and BMV- 
infected plant tissues and advice on the isolation of 
viruses from them, and to Dr. C. A. Knight for a 
large sample of purified TMV. Rotor II and as­
sociated equipment were designed by Richard Stall- 
man.

DISCUSSION
W. J. C arter  (M SA  Research Corporation).—Have you purified any of the bacteriophages—T-3, in particular?
N. G. A nderson.—We have concentrated T-3 by using the zonal rotor as a continuous flow centrifuge, and then purified by zonal sedimentation in a density gradient.
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THE BUOYANT BEHAVIOR OF BOVINE SERUM MERC APT ALBUMIN IN 
SALT SOLUTIONS AT EQUILIBRIUM IN THE ULTRACENTRIFUGE. I. 
THE PROTEIN CONCENTRATION DISTRIBUTION BY SCHLIEREN OPTICS 

AND THE NET HYDRATION IN CsCl SOLUTIONS13
By  James B. Ifft113 and Jerome V inograd
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Bovine serum mercaptalbumin has been banded in CsCl solutions at sedimentation equilibrium. The schlieren optical system was employed to record the equilibrium distribution of concentration. This distribution appeared to be gaussian, indicating density and molecular weight homogeneity. Methods were developed to obtain the radial distance of the center of the band with a precision of 0.001 cm., the buoyant density to 0.001 g./cm.3, and the standard deviation of the concentra­tion distribution to 2%. The partial specific volume of the protein was measured in buoyant CsCl solution and found to be 0.736 g./cm.3, essentially the same as in water. A net hydration for the salt-free protein of 0.20 g. HiO/g. was evaluated from the measured buoyant density and the partial specific volume. An apparent molecular weight was calculated from the standard deviation of the band and compared with the molecular weight obtained from two-component sedimentation equilibrium experiments.
Introduction

Sedimentation equilibrium in a density gradient2 
can provide a buoyant density and a molecular 
weight for the solvated macromolecular species. 
The method has been used primarily to study the 
buoyant density of nucleic acids.3-6 In addition 
there have been numerous investigations of vi­
ruses,6-8 especially in preparative ultracentrifuges. 
Some proteins have been examined,9-11 but there 
has been no quantitative study of the behavior of a 
dissolved protein of known molecular weight. 
This paper presents such a study.

Cox and Schumaker9 examined bovine serum 
albumin (BSA) in a CsCl density gradient with 
absorption optics. They obtained a skewed curve 
which could not be satisfactorily converted to the 
protein concentration distribution and concluded 
that neither the value of the standard deviation nor 
the value of the buoyant density for soluble BSA 
could be obtained with sufficient accuracy.

The schlieren optical system was employed in the 
present work. This system permits the simul­
taneous recording of the refractive index-gradient 
curves from the protein solution and reference solu­
tion. The baseline must be determined experi­
mentally because the band is so wide, 2<r =  0.2 
cm., and the baseline departs sufficiently from

(1) (a) This investigation was supported in part by Research Grant 
H-3394 from the National Institutes of Health, U. S. Public Health 
Service; (b) Frick Chemical Laboratory, Princeton University, 
Princeton, New Jersey; U. S. Public Health Service Research Fellow 
of the National Cancer Institute, 1959-1960; Division of General 
Medical Sciences, 1960-1961; (c) Contribution No. 2817.

(2) M. Meselson, F. W. Stahl, and J. Vinograd, Proc. Nail. Acad. 
Sci. U. S., 43, 581 (1957).

(3) M. Meselson and F. W. Stahl, ibid., 44, 671 (1958).
(4) R. Rolfe and M. Meselson, ibid., 45, 1039 (1959).
(5) N. Sueoka, J. Marmur, and P. Doty, Nature, 183, 6 (1959).
(6) L. V. Crawford, Virology, 12, 143 (1960).
(7) J. D. Smith, G. Freeman, M. Vogt, and R. Dulbecco, ibid., 12, 

185 (1960).
(8) J. Weigle, M. Meselson, and K. Paigen, J. Mol. Biol., 1, 379 

(1959).
(9) D. J. Cox and V. N. Schumaker, J. Am. Chem. Soc., 83, 2439 

(1961).
(10) A. Siegel and W. Hudson, Biochim. Biophys. Acta, 34, 254 

(1959).
(11) R. M. Bock, private communication.

linearity over this distance that an interpolation, 
as is generally used with nucleic acid bands, is 
unsatisfactory. In order to determine the cor­
rect baseline, the two solutions must be spun to 
equilibrium under identical conditions, i.e., the 
initial solution densities and column lengths must 
be identical. Methods are described whereby 
these conditions can be met.

The expression originally derived2 for the molecu­
lar weight of a banded macromolecule in the ab­
sence of interaction between the macromolecule and 
the solvent is

o-2(dp/dr)oa>2r0

The subscript zero denotes quantities evaluated at 
band center. The quantity r0 is the radial distance 
in cm. of the center of the gaussian concentration 
distribution, which we will refer to as the band, from 
the center of rotation. The density of the solution 
at the mode of the band is p0. This density is the 
physical density of the solution and is a function 
of both salt composition and pressure. The dis­
tance a is the standard deviation in cm. of the gaus­
sian concentration distribution. The above three 
quantities are directly measurable.

For approximate calculations, the density gradi­
ent generally used in eq. 1 is the composition density 
gradient,12 which can be readily evaluated experi­
mentally or by calculation from physical chemical 
data. Several other types of density gradients, 
however, have been defined. The effective density 
gradient,13 which includes contributions involving 
the response of the macromolecule to the changing 
pressure and water activity in the band, must be 
used to determine the solvated molecular weight. 
Because neither of these interactions has been 
evaluated for any protein, the physical density 
gradient14 will be employed in this paper, thereby 
neglecting any protein-solvent interactions. The

(12) J. B. Ifft, D. Voet, and J. Vinograd, J . Phys. Chem., 65, 1138 
(1961).

(13) J. E. Hearst and J. Vinograd, Proc. Natl. Acad. Sci. U. S., 47, 
999 (1961).

(14) J. E. Hearst, J. B. Ifft, and J. Vinograd, ibid., 47, 1015 (1961).
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apparent values of the molecular weights thus ob­
tained will be designated M app.

The density gradient method affords a proce­
dure for the evaluation of the net binding of one 
component of the solvent. The net hydration of 
the salt-free protein, designated IV , may be calcu­
lated from the relation

i +  i y
Vz +  IY  ih

(2)

This expression first was obtained by Williams, et 
al.15 The partial specific volume of the protein is v% 
and that of the component selectively adsorbed is zq. 
Because of the precision with which p0 can be meas­
ured, this method affords considerable precision 
in the determination of IY.

In addition to examining the problems involved 
in quantitative density gradient experiments with 
schheren optics, a further purpose of this work was 
to determine whether the concentration distribu­
tion is gaussian for a homogeneous material of 
known molecular weight. The system selected for 
this study was bovine serum mercaptalbumin in 
aqueous CsCl. BMA prepared by the method of 
Dintzis16 has a well characterized molecular weight, 
is soluble, and is stable in concentrated salt solu­
tions. Of the salts for which composition density 
gradients have been calculated,12 CsCl forms the 
largest density gradient.

Experimental
Materials.—The albumin used in the density gradient experiments was bovine serum mercaptalbumin. The puri­fied protein was kindly supplied by Dr. D. Ridgeway of this Laboratory. The material was prepared from lyophilized Fraction V powder (Armour Lot No. T-94, 101). I t  was recrystallized three times as the mercury dimer and purified and converted to the monomer on a mixed-bed ion-exchange column according to the method of Dintzis.16 The color­less, 5% isoionic (pH 4.92) solution was stored at —20° and slowly thawed at 4° as needed. The albumin used in the apparent specific volume measurements was crystallized bovine plasma albumin, Armour Lot No. T-68, 204.The CsCl and fluorochemical used in the density gradient experiments have been described.14 The CsCl employed in the apparent specific volume measurements was used as supplied by the Maywood Chemical Co. and was known to be free of rubidium. The acetate buffer solutions were pre­pared from reagent grade materials.Examination of Materials.—The BMA described above was examined by two other centrifugal methods to deter­mine its homogeneity and z-average molecular weight. The solutions examined were prepared by mixing the appro­priate volumes of the 5% BMA stock solution with 0.2 M  NaAc buffer, pH 5.32, and water to yield a 0.1 M  acetate buffer solution of the appropriate concentration.Several sedimentation velocity experiments were con­ducted at various times during this work. In more sensitive tests for homogeneity, several tivo-component sedimenta­tion equilibrium runs were performed a t several protein concentrations. The short-column technique suggested by Van Holde and Baldwin17 was employed. Each run with 3 mm. liquid columns was continued for about 5 days at 9,945 r.p.m.Procedures for Density Gradient Experiments.—The following methods were investigated to determine which was the most satisfactory for providing identical solution column lengths.
A. Selection of Centerpiece and Filling Technique.
(15) J. W. Williams, K. E. Van Holde, R. L. Baldwin, and H. Fujita, 

Chem. Rev., 58, 715 (1958).
(16) H. M. Dintzis, Ph.D. Thesis, Harvard University, 1952.
(17) K. E. Van Holde and R. L. Baldwin, J. Phys. Chem., 62, 734

(1958).

Method 1 . 4° Centerpiece.—A cell was assembled with a 4°, single-sector, aluminum centerpiece using a molyb­denum disulfide grease. The cell was filled with c a .  0.7 ml. of CsCl solution of the appropriate density and ac­curately weighed. After centrifuging to equilibrium, schheren photographs were ~,aken and the cell was re­weighed. Losses of 3-4 mg. generally were observed.After withdrawal of the cell contents, the cell was refilled (without disassembling) to the same weight with CsCl solution containing BMA. The cell was again centrifuged and equilibrium photographs obtained. Exact superposi­tion of these photographs was then required. The menisci were used for horizontal alignment. A copper wire, 0.003 in. in diameter, was inserted horizontally in front of the schlieren camera to provide a reference line on the plate for accurate vertical alignment. This procedure was found to be the least satisfactory of the three techniques investigated. It is difficult to insert the identical weight of BMA solution. Frequently, in the course of adjusting the weight, some solu­tion was lost between the she 1 and the centerpiece and re­producible column lengths were not obtained. Also, in­herent in this procedure are the several problems associated with performing duplicate centrifuge runs. The cell win­dows may distort differently, operating conditions must be held constant, and the time for performing an experiment is more than doubled.
Method 2. Double-Se:tor Centerpiece.—Anothermethod examined was the use of a double-sector, 2 1/ 2°, filled-Epon centerpiece. This requires the insertion of iden­tical volumes of baseline and protein solution into each sec­tor. The two sectors must lave identical dimensions and must deform identically.A syringe holder with a micrometer head and Agla brand, all-glass 1-ml. syringes, supplied by Burroughs Wellcome and Co., London, were used. In several of the first experiments, 0.025 ml. of fluorochemical was inserted into each sector in order to locate the cell bottom18 accurately. In later ex­periments, fluorocarbon was not added because of occa­sional filling difficulties and because the position of the cell bottom need be determined with only moderate accu­racy. About 0.4 ml. of CsCl solution, which corresponded to an 800 division advance o:‘ the micrometer, was inserted into each side of the centerpiece. Number 27 gage needles were used. The ends of the needles had been ground flat, and were bent at right angles near the center of the shaft. They were wiped with a soluti in of stearic acid in benzene to avoid wetting problems.
This procedure was successful in achieving identical column lengths in only about half of the dozen or so experi­ments in which it was used. The failures were due to uneven cell distortion, wetting at the filling hole, or problems as­sociated with filling. Numerous attempts were made to perfect the above two methods. Consistent and reproduc­ible results could not be obtained with either technique.Method 3. Interference Synthetic-Boundary Centerpiece. —The most successful technique involved the use of a double-sector, , filled-Epon centerpiece with two small grooves, about 0.001 X 0.001 in., connecting the two sec­tors. One groove is located at the top of the centerpiece to permit equilibration of air pressure. The other groove is near the center of the cell. About 0.40 ml. of baseline solu­tion was placed in one sector and 0.38 ml. of protein solution in the other. At c a .  7000 r.p.m., the baseline solution trans­fers into the BMA solution through the central groove until the column lengths are exactly equalized.
This procedure provides a rapid method of filling the cell and ensures identical column lengths. The disadvantages are minor. One problem is ;he transfer of protein into the baseline solution. This contamination probably occurs by mass transfer which results from uneven distortion of the sectors at high speed. Diffusion through the groove is con­sidered to be negligible because of the small cross-sectional area of the groove.
The presence of a band of protein at low concentration in the baseline solution introduces some difficulty in draw­ing the baseline but does not affect the results. Subtrac­tion of such a baseline from r.he protein distribution curve is equivalent to the subtraction of the gradient of one gaus­sian distribution from another of the same <r and mode and leads to no change in the distribution.
(18) R. Trautman, Biochim. B'ophys. Acta, 28, 417 (1958).
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Fig . 1.—Schlieren photograph of 0 .1 %  BM A  in 2.59 
molal C sC l and of baseline solution at equilibrium ; 56,100 
r.p.m ., 25.0°, pH 5.5.

Another problem occasionally encountered was that the 
solution in one sector would transfer into the other sector 
upon deceleration. This is caused by the failure of one of 
the housing plug gaskets. It  does not cause any serious 
problem except that the solution refractive indices at the 
conclusion of the run cannot be measured. This was a rou­
tine part of each experiment to ensure that no evaporation 
had occurred. Unless otherwise indicated, all of the ex­
periments described below were performed with a capil­
lary, double-sector centerpiece.

B . General Run Conditions.—A ll experiments were per­
formed in a standard Spinco Model E  analytical ultra­
centrifuge equipped with an R T IC  unit. Measurements 
were made at an angular velocity of 56,100 r.p.m . and a 
temperature of 25.0°. The results were recorded on East­
man Kodak metallographic plates with a phase plate in the 
schlieren optical system. The centerpieces employed were 
12 nun. thick. The angular velocity was determined from 
the time interval between odometer readings made near the 
beginning and near the end of each run.

The time necessary to attain equilibrium was determined 
from photographs taken at successive time intervals. The 
center of the band and the position and height of the maxi­
mum and minimum were measured. When no further 
change was noted after a suitable length of time, the dis­
tribution of protein was considered to be at equilibrium. 
Most experiments were run for 24-30 hr. The minimum 
time was 22 hr.

C. Preparation of Solutions.—Solutions were prepared 
by mixing appropriate volumes of concentrated C sC l solu­
tions of density ca.  1.8 g ./m l., O D 260 =  0.025, and pH 
7 .1; 0.1 M  NaAc buffer, pH 5.5; 5 %  BM A solution and/or 
H 20 . Serological and micropipets were used. In  order to 
conserve material and to predetermine accurately the 
solution densities, dialysis was avoided.

The volumes of water and stock C sC l solution were calcu­
lated with a non-additive volume relationship and the 
relation between density and weight fraction of C sC l.19 
The solution densities then were adjusted, if necessary, by 
means of a Zeiss refractometer with the relation between 
refractive index ( n )  and density12 such that « bmasoIh =  
rtbaseiine +  0.0019 X  c, where c  is the protein concentra­
tion in g ./d l. Adjustments were made until the two re­
fractive indices differed by the maximum permissible 
amount, ±0.0001, which corresponds to the refractometer 
reading error. This error lim it corresponds to an uncer­

(19) J. E. Hearst and J. Vinograd, Proc. Natl. Acad. ScL, U. S. 47,
1005 (19G1).

tainty in the density o: ±0.001 g./m l. A ll solutions con­
tained 0.01 M  acetate buffer and were ca.  0 .10 %  BMA un­
less otherwise noted. The pH of the solutions varied be­
tween 5.5 and 5.6.

D. Measurement of Plates.—A typical schlieren photo­
graph of a run of BM A in a C sC l density gradient is shown 
in Fig . 1 . The two narrow, black, vertical lines are the C sC l 
and fluorocarbon menisci, reading from left to right. The 
slightly curving, almost horizontal line is the baseline, the 
refractive index-gradient distribution arising from the effects 
of composition and pressure on the C sC l solution. The b i- 
phasic curve is the refractive index gradient curve of the 
protein in C sC l.

As pointed out below, an accurate evaluation of er requires 
an integration between these two curves. A numerical 
integration procedure was found to be the simplest and to 
yield the desired accuracy. Two methods of performing this 
analysis were investigated.

A Gaertner Comparator, Model M 2001-P, was used for 
several analyses. The ordinate values of the two curves 
were read at 0.5-mm. intervals and their difference carried 
as subtotals on a printing calculator. This method was not 
found to be satisfactory, largely because of the difficulty in 
interpolating through the regions in which the interference 
fringes overlap. The data obtained in the clearly visible 
regions could be plotted, interpolations made, and the curve 
remeasured. Because this involves an additional step, the 
following procedure was employed throughout this work.

An Omega-D I I  enlarger was used to provide tenfold en­
largements of the photographic plate. The enlargements 
were made on large sheets of vellum by careful placement 
of a series of dots which locate the center of the bright central 
fringe. The shading of the first order dark fringes is help­
ful in placing the dots. This procedure can be performed 
accurately and rapidly. Smooth curves were drawn through 
the dots. The positions of the top and bottom reference 
edges, the menisci, and the cell bottom were sim ilarly 
located. The area under the biphasic curve was numeri­
cally integrated toward the center, using lines drawn parallel 
to the menisci at 5-mm. intervals and measured with a preci­
sion ruler. The mid-point heights of the 5-mm. wide 
trapezoids were recorded with a printing calculator, as 
above.

A necessary criterion for a successful experiment is that 
the areas under the two lobes of the curve be equal. If 
they are not, either the baseline has been drawn incorrectly, 
the column lengths are not equal, or the solution densities 
are not equal. This area requirement is not a sufficient 
condition for a satisfactory analysis. This was shown for 
one experiment for which a satisfactory baseline was not 
available. Several baselines were drawn at different eleva­
tions and numerical integrations were performed until the 
areas differed by less than 1 % .  The resulting log plots were 
not linear to l a ,  indicating that the curvature of the base­
line selected was incorrect.

The distance between the reference edges of the counter­
balance was measured with an optical comparator and found 
to be 1.595 cm. The top reference edge was assumed to be 
5.730 cm. from the axis cf rotation at 56,100 r.p.m .

Determination of Apparent Specific Volume of BSA in 
Water and in Concentrated CsCl Solution.—The apparent 
specific volumes (<p) of serum albumin in water and in a 2.47 
molal C sCl solution, a composition corresponding to the 
buoyant density, were measured by pycnometric procedures 
( c f . ,  for instance, “ Methods in Enzymology” ).* 1005 20

The protein solution was prepared by dissolving 4.0 g. 
of albumin in 80 m l. of twice-distilled water at 5 °. Twenty 
g. of Amberlite M B-3, anion-cation resin, was added and 
the mixture kept at 5 ° overnight. The resulting light 
yellow isoionic solution of pH 5 .11 was decanted and used 
without further purification.

The concentration of this solution was determined by 
evaporation to dryness. Four weighed aliquots, ranging 
from 1.0 to 2.5 m l., were evaporated in 30-mm. flat weighing 
bottles. They were dried at 110 ° and cooled in a desic­
cator over P20 5. Weighings were made daily until a con­
stant value was obtained after 6 days drying time. A pre­
cision of 0.0004 g. proteir/g. water was achieved.

(20) H. K. Schachman, in “ Methods in Enzymology,” Vol. IV, 
Edited by S. P. Colowick and N. O. Kaplan, Academic Press, New 
York, N. Y., 1957, pp. 05-71.
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Thirty-five-m l. pycnometers of the flask type with a 1-mm. 
capillary were used. The volumes were adjusted in a 25 ±  
0.02° water bath. Weighings always were made against a 
tare which was handled in the same manner as the filled 
pycnometer. A ll weights were corrected to vacuum.

A. Apparent Specific Volume of BSA in Water.—The 
weight of the pycnometer filled first with water and then 
with protein solution was determined. At least two fillings 
and weighings were carried out for each density determina­
tion. A  precision of ±0.0003 g. was generally achieved. 
The apparent specific volume then was calculated from the 
relation

c' d0di di

where do is the density of the solvent, di is the density of the 
solution, and c' is the concentration of the solution in g. pro- 
tein/g. solvent.

B. Apparent Specific Volume of BSA in 2.47 Molal CsCl 
Solution.-—The determination in C sC l solution is compli­
cated by the two-component solvent. Satisfactory measure­
ments were obtained by mixing exactly equal volumes (22 
m l.) of water and a concentrated C sC l solution. The den­
sity of the C sC l solution was adjusted refractometrically so 
that addition of an equal volume of water would yield a 
composition corresponding to the buoyant density. The 
masses corresponding to these volumes were accurately 
weighed in stoppered, 50-ml. flasks, and the solutions were 
carefully mixed.

The protein solution was sim ilarly prepared. A weighed 
quantity of BSA  solution containing the calculated mass of 
the water required was again added to a weighed mass of 
C sCl solution. The masses were adjusted to within about 
0.4 mg. in  the 35-40 g. weighings. Density measurements 
of these solutions yielded a value of v  for BSA in a C sCl 
solution. The measurements in C sCl were conducted in 
duplicate with different protein solutions in which con­
centrations were independently determined.

Calculations
The experimental parameters in eq. 1 which must 

be determined are r0, po, (dp/dr)0, and <r2. The 
center of the gaussian band can be located on the 
plate to ± 0.002 cm. at the intersection of the 
baseline and the biphasic protein curve. The 
value of ?o in cm. is determined by dividing the 
distance between band center and the top reference 
edge on the tracing by the magnification factor 
and adding the result to 5.730. The magnification 
factor is found by dividing the distance between 
the reference edges in cm. by 1.595. All other 
radial distances were obtained similarly.

Hearst, lift, and Vinograd14 have shown that the 
salt distribution is unaffected by pressure. Thus, 
the data of lift, Voet, and Vinograd12 can be used 
to locate re, the isoconcentration distance corre­
sponding to pe°, the initial solution density. The 
value of r, was found with an error of about 0.003 
cm. The bands were always formed near enough 
to re so that a constant density gradient could be 
assumed between re and r0. The buoyant density 
was computed from the approximate relation

Po° = Pe° +  (ro -  re) (4)

The superscript zero is used throughout to denote 
quantities evaluated at atmospheric pressure. The 
values of /3° which correspond to pe° have been 
tabulated.12

The buoyant densities calculated above are a 
function only of salt composition. The buoyant

density corresponding to the physical situation 
was next calculated as

po =  po°(l +  xPo) (5)

where k is the isothermal compressibility of the CsCl 
solution of this composition and P0 is the hydro­
static pressure at band center. The value of % 
was found from Pohl’s c.ata21 to be 35.2 X  10~6 
atm±h The procedure for the calculation of P0 
has been outlined.14 The pressured buoyant densi­
ties are 0.007 density unit, 0.6% higher than the 
values determined by means of eq. 4. The physical 
density gradient at band center was computed from 
eq. 12 of ref. 14. The compression term is 9.5% 
of the composition term for this system.

The above treatment neglects any interactions 
due to the presence of the macromolecule, e.g., 
the compressibility of the polymer, selective solva­
tion of the polymer, etc. The effects of some of 
these interactions are considered in a later paper. 
They can contribute as much as 10-15% to the 
effective density gradient.

The standard deviation of the gaussian concen­
tration distribution, a, is the most difficult quantity 
to obtain with satisfactory precision. A variety 
of methods are available for the evaluation of a 
in the gaussian concentration relation

c =  co exp [—(r — r0) 2/ 2 o-2] (6)

All of these procedures are based on the supposition 
that n — n0 =  Kc, where n and n0 are the refrac­
tive indices of the protein solution and baseline 
solution, respectively. The concentration of protein 
is given by c. The ref motive index-increment K, 
dn/dc, was assumed to be constant over the salt 
concentration range of interest. The validity of 
this assumption was investigated. The results, 
given in Appendix A, indicate that this assumption 
is valid.

The following procedures were examined:
1. Biphasic Plot.—The simplest procedure for 

the evaluation of <r, and the only one not requiring 
a numerical integration, is to replot the two lobes 
of the protein gradient curve after subtraction of 
the baseline. The distance from the center of the 
distribution to each maximum is <r. While this 
method is rapid, it yields only an approximate 
value of <j because the maxima are broad. A preci­
sion of ±0.005 cm. can be obtained. This corre­
sponds to the precision found by Cox and Schu- 
maker,9 who used absorption optics.

2. Concentration Plot.—Another procedure, 
which suffers the disadvantage of being an evalua­
tion made at just one point in the distribution, is to 
integrate the curve described above to obtain the 
concentration distribution shown in Fig. 2 and to 
measure the half-width at an elevation of 0.607 
K'(n  — n0)r„. A ' is a machine constant.

3. (dn/dr)/n vs. (r — r0) Plot.— A plot of 1/n- 
dn/dr vs. (r — r0) should be linear with slope equal 
to — l/<r2. This procedure is very sensitive to 
errors at the edges of the protein band. The plots 
were linear only near the center of the distribution.

(21) F. Pohl, Dissertation, Rheinishe Friedrich-Wilhelms, Univer­
sität, Bonn, Germany, 1906.



1 9 9 4 J a m e s  B. I f f t  a n d  J e r o m e  V i n o g r a d Vol. 66

Fig. 2.—Distribution of mercaptalbumin concentration in a CsCl density gradient at sedimentation equilibrium.
4. Logarithmic Plot.—The best procedure and 

the one used in all of the experiments reported 
below involved the logarithmic plot. A plot of In 
K'(n  — no) vs. (r — r0) 2 is linear for a gaussian con­
centration distribution with slope inversely propor­
tional to <r2. The running subtotals of the numeri­
cal integrations were plotted as the ordinate values, 
and the values of (r — r0)2 in cm. on the tracing as 
abscissa values on semilog graph paper. The slope 
of this straight line multiplied by the square of the 
magnification factor is equal to — x/i <r2.

The net hydration was calculated from eq. 2. All 
parameters in the equation must be determined at 
the same pressure. The partial specific volume of 
BMA, v3, was measured at atmospheric pressure. 
The partial specific volume of water in the bulk 
phase can be evaluated by an extrapolation of the 
1/p  vs. Zcsci plot12 at the buoyant composition to 
pure water. It closely approximates 1.00 ml./g. 
The buoyant density employed in the equation 
should be the buoyant density at atmospheric 
pressure.14 Pressure dependence information is 
not available for BMA. Consideration of the data 
for TM V 14 suggests that the more nearly correct 
density to use is the compressed density, p0. This 
will lead to IV  values which are 4-5%  lower than 
the actual values.

Two assumptions made in the original derivation 
of eq. I2 were examined for this system in which 
wide band widths are encountered. The density 
gradient was assumed to be constant over the re­
gion of a band. The density gradient, however, 
departs significantly from constancy even over a 
distance of 2a in the band, as is shown in Fig. 1 
and Fig. 3. The effect of this perturbation was

investigated by assuming a linear variation in the 
density gradient.

If we let e =  r — r0, we may write a three-term 
Taylor series for p(r).

pM  -  pW  +  (£ )_ _  • +  ( ^ )  <’ /2  m

Substitution of this expression for the density into 
the ideal equation for two-component sedimenta­
tion equilibrium followed by integration between 
e =  0 and t gives the logarithmic expression

ro

2 RT piro)
eM l +

(d2p/dr2)_ ^  2J
3(dp/dr)ro 3ro. (8)

This derivation neglects a term in «4 which is less 
than 1% of the correction term. The result of the 
inclusion of the correction term is a symmetrical 
upward and downward deviation from linearity in 
the plot of In K ' (n — n0) vs. e2. The data from the 
top half of the distribution should curve upward 
and that from the bottom half should curve down­
ward from the straight line representing ideal 
behavior.

The magnitude of the deviation can be readily 
evaluated for these experiments. The slope of the 
almost linear dp/dr vs. r plot in Fig. 3 is 0.060 
g./cm.~5. Inserting typical values of r0 and (dp/ 
dr)Tt into eq. 8 gives

In c/co = (1 +  0.25 e) (9)

At 1 tr, the real values of In c differ by 2.5% from 
the straight line representing a constant density 
gradient. Obviously, the error increases as the 
distance from the center of the band increases.

A second assumption in the original derivation 
which requires re-evaluation for this system be­
cause of the width of the distribution is the neglect 
of terms of order (r — r0) 3. The expression given in 
Appendix B reveals that negligible error is intro­
duced by this approximation.

The effect of an error in the numerical integra­
tion also was examined. Let us assume that an 
error 5, either positive or negative, is made at the 
outer edge of the band. Comparing the log plot 
of this distribution with that of the correct one, 
we can express the measured distribution for dis­
tances less than 2<r from band center as

In
c +  Ô 
co +  5 (10)

or

c +  8 
Co +  S

_5 /co
Co V c (11)

Depending on the sign of 5, all of the points on the 
log plot for that lobe of the distribution must be 
either elevated or depressed.
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Results
A. Examination of Materials.— Identical re­

sults were obtained from sedimentation velocity 
experiments performed with 0.9% solutions of the 
sample of BMA at several stages during this work. 
The sedimenting peak was symmetrical except for 
a small amount of a fast component which was esti­
mated to be less than 2% of the sample. A value 
of /S2o,w of 4.35 S was obtained from the motion of 
the maximum of the refractive index-gradient dis­
tribution. This value compares favorably with 
that of 4.27 S obtained from the data of Baldwin22 
for BSA after correcting for concentration and 
temperature effects.

The results of the two-component sedimentation 
equilibrium experiments are given in Table I. 
The time of analysis is given in column 2. Equilib­
rium was achieved in 24 hr. in each solution al­
though a slow dimerization in the more concen­
trated solution may be indicated by the high value 
obtained after 5 days.

Plots of (dnjdr)/r vs. nc (where na is the refrac­
tive index contribution of the protein) were linear 
over the central 80% of the column length, indi­
cating substantial molecular weight homogeneity. 
Typically, there is a downward deviation from 
linearity at the bottom of the cell and a converse 
deviation at the top. This is the opposite behavior 
expected if the deviation from linearity is due to 
the presence of aggregated material. It may be 
due to window distortion or to a refractive artifact 
occurring near the menisci as discussed by Traut- 
man.18

The slope of the linear portion of this plot was 
used to calculate the molecular weights given in 
Table I. The value for v3 of 0.734 ml./g. reported by 
Dayhoff, et al.,23 and confirmed in this study was 
used in the calculations. Excluding the 72,200 
value, the remaining values yield an average of 70, 
500, in good agreement with other techniques 
yielding weight average molecular weights.

T able I
T wo-C omponent Sedimentation  E quilibrium  A nalyses 
B ovine Serum  M ercaptalbumin  in 0.1 M  NaAc B u ffer , 

pH 5.5, 9,945 r.p.m., T  =  25°
g. BMA/I00 ml. Hours run Molecular weights

0.84 24 70,300
86 72,200

0.42 24 70,700
120 70,400

B. Apparent Specific Volume of BSA.— The
values of ip in H20  and in concentrated CsCl are 
given in Table II.

T able I I
A pparent Specific V olume of BSA in W ater  and in a 

2.47 M olal CsCl Solution, T  =  25.0°
Solvent c’ do di <P

A. H20 0.0467 0.9970^ 1.00908 0.7347
B. CsCl .01824 1.28151 1.28277 .7361

.01877 1.28187 1.28318 .7369

Av. for B .736
(22) R. L. Baldwin, Biochem. 65, 503 (1957).
(23) M. O. Dayhoff, G. E. Perlmann, and D. A. Maclnnes, J. Am. 

Chem. Soc., 74, 2515 (1952).

The value of ip for BSA in water agrees favorably 
with the value 0.7343 reported by Dayhoff, et al.n 
Cox and Schumaker24 recently have reported values 
of ip in 1.4 molal KC1. Interpolating their data 
between measurements at 29.9° and 10° gives a 
value of 0.739 at 25°. Considering the precision 
of their data and the face that their measurements 
were made with a different cation, this number 
may be regarded as not differing significantly from 
the value reported here.

C. Density Gradient Experiments.— Repeated 
numerical integrations have demonstrated that 
the density gradient gi’ren by the baseline and 
protein solution must not differ by more than 0.2-  
0.3%. Larger discrepancies lead to poor numerical 
integrations, which in turn yield non-linear logarith­
mic plots. In order to achieve this accuracy, the 
following experimental Lmits must be met. The 
densities must be matched to within 0.002 g./ml. 
This accuracy is required because /3, the density 
gradient parameter, char ges rapidly in this density 
region. Also, the column lengths must be matched 
to within 0.2 mm.

The following behavior of band formation was 
observed. An irregularly shaped band is formed 
after 6-7 hr. A symm drical band is formed at 
essentially the correct banding position in about 8-9 
hr., depending on how close pe°, the initial solution 
density, is to p0°. The band continues to narrow 
with a corresponding increase in height at the in­
flection points until no further change is observed 
after 15 hr. This was determined by extending 
several runs for 45 hr. Measurements of photo­
graphs obtained at 6-8 hr. intervals indicated no 
detectable change in band shape or position. This 
demonstrates not only that equilibrium was es­
tablished but also that, BMA is stable with re­
spect to molecular weight and buoyant density 
for extended periods of time at room temperature in 
concentrated CsCl solutions.

The precision of the numerical integrations was 
determined by duplicate tracings in several experi­
ments. In all cases the area under one lobe was 
determined with a precision of better than 1.0%. It 
is significant that in about 4 out of 5 experiments, 
the area under the top lobe is 1-3% smaller than the 
area under the bottom lobe.

The concentration distribution evaluated from 
experiment No. 2 is shown in Fig. 2. The distribu­
tion is seen to be slightly skewed toward the top 
side. Otherwise the da;a points fall on a reason­
ably smooth and symmetrical curve out as far as 
elevations could be measured. The ordinate is in 
arbitrary units of K'(n  — n/).

The density, density gradient, and refractive 
index gradient distributions of experiment No. 2 
are given in Fig. 3. The density distribution was 
obtained by a computer method.12 The composi­
tion density gradient then was calculated from this 
data for p(r) using published /3(p) data.12 The 
bottom plot is a tracing of the equilibrium photo­
graph similar to that skowm in Fig. 1. The ordi­
nate is in arbitrary units and is not superimposable 
on the middle plot for dp/dr.

A typical logarithmic plot is presented in Fig. 4.
(24) D. J. Cox and V. N. Schumaker, ibid., S3, 2433 (1961).
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Fig. 3.— Density, density gradient, and refractive index 
gradient, 0 .1%  mercaptalbumin in 31.08%  CsCl.

Fig. 4.— Logarithmic plot of experiment No. 6, 0.10%  
B M A  in 2.47 molal C sC l: O , bottom half of distribution; 
□ ,  top half.

This is the data obtained from the tracing of a 75° 
photograph. The behavior noted here is typical of

almost all of the experiments performed. The 
data from the top half are usually linear out to 
about 2o- and then curve downward. The data 
from the bottom half, however, are seldom linear 
beyond 1.5<r and then curve downward. The dis­
tances from r0 in terms of <r are noted along the 
upper abscissa line.

A set of typical values for a determined by the 
various methods described above is given in Table 
III to demonstrate the precision of the method. 
The average deviations from the 55 and 85° photo­
graphs are 0.002 and 0.001 cm., respectively. It 
is to be noted that the values of <r determined from 
the top side of the band generally are higher than 
those obtained from the bottom side.

T able III

Standard D eviations E valuated  by V arious M ethods 
(E x p t . N o. 2; 0 .11%  B M A  in 2.47 M olal C sC l Solutions)

55° t 85° i
Method Type (cm.) (cm.)

1. Biphasie plot T o p “ 0.099 0.107
Bottom “ .106 .104
Average .103 .106

2. Concentration plot Top .111 .110
Bottom .109 .100

Average .110 .108
3. (dn/dr)/nvs. (r — r0) plot .108 .108
4. Logarithmic plot Top .113 .109

Bottom .109 .107
Average .111 .108

Av. .110 .108

" T o p  is used in this and in all subsequent graphs and 
tables to indicate that the result was derived from the re­
gion of the band closest to the center of rotation. Bottom  
stands for the other half of the band. b Phaseplate angle.

The results of a number of density gradient ex­
periments with BMA in CsCl solutions, conducted 
and analyzed as described above, are presented in 
Table IV. Apart from the one high value for p0, 
it appears that the buoyant density at the pressures 
in the rotating liquid column can be determined 
with a precision of ±0.001 g./ml. The buoyant 
density of BMA in a CsCl gradient is 1.282 g./ml.

T able  IV
R esults of D ensity G radient E xperim ents w ith  0 .1%  

B M A  in CsCl Solutions '1

P0 ^
' dp \
V. dr /phys:i0 o' top <Tbofc Top Bottom r fn

l b 1.282 0.153 0.109 0.105 75,500 81,700 0.200
2 1.282 .151 .139 .107 78,800 82,400 .200
3C 1.287 .153 . 106 .106 81,000 80,700 .184
4 1.282 . 153 .135 .104 82,800 83,600 .200
5 1.281 .154 .138 .105 77,400 81,300 .204
f> 1.282 .154 .138 .105 76,300 81,100 .200
Av. 1.282 78,600 81,600 0.198

“ Columns 2, 4, and 5 are physically measured quantities. 
All other quantities are based on assumptions stated in the 
text. b Non-grooved double-sector centerpiece, 0 .15%  
B M A . « As b, 0.20% B M A .

Averages should not be taken for the density 
gradients or the standard deviations because these 
values relate to experiments performed at slightly 
different solution densities.

The variation in a is reflected directly in the two 
apparent molecular weights. The standard devia­
tions of the M Top and M bot values are ±2800 and



Oct., 1962 B u o y a n t  B e h a v i o r  o p  B o v i n e  S e r u m  M e r c a p t a l e u m i n 1997

±1100 respectively, or about 2-3%. The M x«v 
values are about 4%  smaller than the M Bot values 
as a result of the higher values of a noted pre­
viously.

Discussion
Several deviations from ideal gaussian behavior 

have been noted in the above results. These devia­
tions can be accounted for satisfactorily in terms 
of the two derivations given in the calculations 
section above.

The antilog of eq. 9 correctly predicts the ob­
served shape of the concentration distribution 
given in Fig. 2. The effect of the non-constant 
gradient is to broaden the band increasingly from 
the bottom to the top of the distribution.

The data in Fig. 4 from Ehe bottom half of the 
distribution deviate in the direction and amount 
predicted by eq. 9. The data from the top half, 
however, do not curve upward as predicted by eq. 
9 but also curve downward. This behavior is at­
tributed to the effect predicted by eq. 11. As noted 
earlier, the area under the top lobe is generally 
smaller than the area under the bottom lobe. This 
may be due to a consistent neglect of a small area 
of the top lobe near the outer edge of the band. 
The top lobe is broader than the bottom lobe and 
greater difficulty is encountered in interpolation. 
The magnitude of this effect is surprisingly large. 
Let us assume that 5 = —0.01; the measured total 
area of the top lobe corresponding to c0 is 1%  low. 
At 2 cr, this error amounts to 3% in In c/c0. The 
effect of the non-constant density gradient can be 
overcome by a very small error in the numerical 
integration. It is difficult to analyze the situa­
tion quantitatively because neither area is known 
absolutely.

The combination of these two effects predicts that 
both the concentration plot and the logarithmic 
plot should yield higher values of a for the top 
half of the distribution than for the bottom half. 
This trend is observed in Tables III and IV.

The procedure followed in this work was to draw 
straight lines through the linear portion of the 
logarithmic plot starting at e =  0. We estimate 
that this method yields values of a accurate to 
within 0 to —2%.

Cox and Schumaker9'24 have reported two studies 
dealing with the net hydration of BSA. These 
results may be compared with the values of po and 
Ta' in Table IV. They measured the sedimentation 
velocity of BSA as a function of salt concentration. 
An extrapolation of a plot of the product of the 
sedimentation coefficient and the solution viscosity 
against p to zero sedimentation rate presumably 
yielded values of the buoyant density. From these 
densities, values of 0.19 and 0.26 g. water/g. BSA 
for NaCl and KC1 solutions, respectively, were ob­
tained. These values compare favorably with the 
value of 0.20 reported above. There are several 
serious limitations to the sedimentation velocity 
method, however. The concentration of salt is 
varied between a few tenths molar to saturation. 
Because the chloride binding and the hydration 
both change significantly with concentration, the 
sedimenting species is changing as the density of 
the solution is increased. Furthermore, an extrap­

olation over a distance equal to the range of Sy 
values measured was necessary.

In addition, they studied the behavior of BSA 
in several density gradient systems. They ob­
tained a buoyant density at atmospheric pressure 
at 25° in CsCl of 1.295 ±  0.005 g./ml. with ab­
sorption optics. The corresponding buoyant den­
sity reported in the present paper is 1.275 ±  0.001 
g./ml. The discrepancy in these values may be 
due to the slight difference in the two proteins and 
to their relatively large experimental error.

The molecular weights given in Table IV are
10,000 units higher than the «-average values given 
earlier. Several factors point to ambiguities in 
assigning any real physical meaning to these ap­
parent molecular weights. The net hydration of 
0.20 g. H20 /g . protein indicates that the solvated 
molecular weight ought tc be 84,000. Alternatively 
a IV  =  (Mapp — can be calculated. The
values of IV  are 25% smaller than the values of 
r a'. For solvated macromolecules, the effective 
density gradient,13 which includes the effect of the 
change in hydration through the band, must be 
employed in the calculation of solvated molecular 
weights. This density gradient is smaller than the 
physical density gradient. The apparent molecular 
weight is therefore too small and IV is less than r a'.

It must be noted that an effective density gradi­
ent defined with respect to the protein alone must 
be employed in the above calculation in order that 
T j  =  r b'. As shown in a subsequent publication25 
such a gradient cannot be obtained for BMA. 
Only the change in hydration of the BMA-salt 
complex can be defined. This leads to solvated 
molecular weights whicn include the amount of 
bound salt plus the net hydration of the comp’ex.

Acknowledgment.—The authors wish to thank 
Dr. John E. Hearst for numerous helpful discus­
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Appendix A
Examination of the Assumption of a Constant Refractive 

Index Increment.— Let nc =  n — n0 =  Kc, and differentiate 
to obtain the contribution cf the protein to the refractive 
index gradient

T  "  X  <*> +dr dr
d (K) 

C dr (Al)

W e assume that ( K ) varies linearly

(K) =  (A)„( 1 -- he) (A 2 )

where e is the distance from band center and (K)„  is the re­
fractive index increment at e =  0. Combining eq. A1 and A2 
gives

dc
dr k (A3)

Equation A3 can be recast :n more readily available terms 
b y substituting the derivative of the gaussian concentration 
distribution and rearranging.

~  =  - -  (K)o [e -  fc(e2 -  O ]  (A4) 
dr

Alternatively, we rearrange eq. A4 to examine the behavior 
of dre„/dr at positions in the oand other than at band center.

(25) J. B. Ifft and J. Vinograd, to be published.
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dwc
dr

1 - k

(A5)

Equations A4 and A5 show the effect of a non-constant re­fractive index increment on band shape and position.A rough estimate of the value of the constant k  was ob­tained by extrapolating the refractive index increment of BSA of 0.00190126 to 100% protein concentration. Esti­mation of (Are/Ac) at band center and at a distance of about ltr (0 .1  cm.) yielded the approximate value of k  =  0.05.At band center, eq. A4 reduces to dra0/d r =  — k c K 0. Substitution of typical parameters for a BMA experiment reveals that the downward shift in the refractive index gradient at e =  0 is 0 .1 % of the maximum gradient in the distribution.We also may determine the radial shift in the point of intersection of the biphasic curve with the baseline be­tween the actual and the ideal cases. This shift is calcu­lated by setting eq. A4 equal to zero and solving the quad­ratic in e. The shift of —0.0005 cm. is beyond the accuracy either obtainable or needed in these experiments.Examination of eq. A5 reveals that there is no correction at e =  <r. At 2 ff, the correction term is c a .  0.015. The correction term becomes larger with increasing distance from the center of the band but because there is less than 
0 .2 % of the material beyond 3<r, the contribution to the total area under the curve is negligible.A plot of the points determined above combined with an examination of the sign of the correction in intermediate re­gions indicates that the entire distribution is shifted toward the center of rotation while the biphasic shape, to first order, remains unchanged. The magnitude of this effect is so small as not to affect the value of ro or a .  The refractive index increment therefore can be considered constant under these experimental conditions.

Appendix B
Examination of the Neglect of Terms of Order (r — ro)3 

in Original Derivation.—The concentration distribution was obtained by assuming a Boltzmann distribution of particles. The energies were calculated as the negative of the distance integral of the force F  =  v  (pp — p s ) u 2r .  The quantity v  is the volume of a particle of density pp and p, is the density of the solution a t the radial position r. The solution density is assumed to vary linearly with distance. The resulting expression for the mass distribution is

c =  Co exp 2<r2 (1  +  0 .6 7 e / r 0) (B l)

The cubic term predicts a slight displacement of the concen­tration distribution toward the center of rotation. At a distance of lo- from the center of the band in a protein ex­periment, the measured concentration will differ by about 0.5% from the ideal distribution.
DISCUSSION

H. A. E nde (Chemstrand Research Center).—You draw attention to some disadvantages involved in using the interference synthetic-boundary centerpiece. An additional problem is probably the fact tha t the original polymer solu­tion is somewhat diluted by the “baseline solution.” When the rotor is decelerated you state that solution in one sec­tor would be transferred to the other sector. These effects
(26) G. E. Perlmann and L. G. Longsworth, J. Am. Chem. Soc., 70, 

2719 (1948).

introduce an uncertainty in the concentration. We have designed a centerpiece which proved to work satisfactorily and eliminates some of the problems. Each sector is con­nected to a reservoir by an air channel and a groove. As to aligning we can only say that we did not have any diffi­culties. I t  can be shown that a disalignment of 10 min. results in an error of only 0.06 of a fringe as seen by inter­ference optics.
J. B. Ifft.—The dilution problem you mention is of no consequence in the work reported here because the protein concentration need not be known. The transfer of solu­tion on deceleration occurs only occasionally. However, measurement of the solution refractive indices is precluded, as indicated in the paper. For the cell that you have de­scribed, the intersections of the groove with each sector must be exactly machined to the same radial position. The interference synthetic-boundary centerpiece utilizes the centrifugal field to provide exactly superimposed menisci without any stringent construction requirements.
R. T raütman (Plum Island Animal Disease Laboratory, USDA).—Have you detected any increase in the time to reach equilibrium with the other salts, especially KBr, which are bound differently from CsCl?
J. B. Ifft.—No appreciable increase in the time required to reach equilibrium was observed in any of the salt solu­tions discussed in part II of this work. Experiments generally were extended to at least 36 hr. No detectable change was observed after 24 hr.
H. A. E nde (Chemstrand Research Center).—-Have you measured any concentration dependence of Mapp? For monodisperse polymers Dayantis and Benoit [ C o m p t .  

r e n d ,., 254, 2771 (1962)] could show that 1/Mapp is a linear function of the concentration and an extrapolation to zero concentration would yield the true value. I realize that you are working at high ionic strengths due to the presence of CsCl; usually Mapp in those cases is independent of the polymer concentration. However, in work to be published, J. J. Hermans and I show that for synthetic polymers a clear concentration dependence exists, even if the experi­ments are performed close to ^-conditions. Is this also the case for proteins under comparable conditions (high ionic strength and nearly isoelectric conditions)?
J. B. I fft.— As indicated in Table IV of our paper, ex­

periments were conducted at three protein concentrations 
and no concentration dependence was observed. How­
ever, due to the relatively large experimental errors in­
volved, this dependence must be severe in order to be ob­
served.

M. W ales (Shell Development Company).—In regard to data of part II in the expression for p8, are you defining the protein component differently in different salt solutions?
J. B. Ifft.—Yes. The macromolecular species is de­fined in each salt solution as the BMA molecule plus salt molecules equal in number to the number of anions bound in that particular salt solution.
L. C ropper (Beckman Instruments, Inc.). I wish to comment on one possible cause of skewing of the gaussian distribution. There is a shift of the top of the peak due to the Weiner skewing. This is caused by the deviation of light through the CsCl gradient and the skewing can be minimized by focusing on the 2/a level of the cell. The cor­rection is the same as derived from the first order term of a mathematical correction of the gaussian distribution offered by Dr. Vinograd.
J. B. Ifft.—I do not believe that the magnitude of this effect will produce a skewing nearly as large as the effect of the non-constant density gradient which also is present in our system.
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S e d im e n ta tio n  v e lo c ity  a n d  in tr in s ic  v is c o s ity  m e a su re m e n ts  h a v e  been  u sed  to  s tu d y  th e  re v e rs ib le  th e rm a l d é n a tu ra t io n  
o f n b o n u c le a se -A  a t  p H  2 .8 . I n  o rd er to  in te rp re t  th e  se d im e n ta tio n  d a ta , th e  ch an g e  in  a p p a re n t  sp e c ific  v o lu m e  h a s  been  
m e a su red  o v e r  th e  tra n sit io n  te m p e ra tu re  ra n g e . _ S e d im e n ta tio n  coeffic ien ts w e re  c o rrected  fo r  th e  e ffe cts  o f th e  ra p id  
d iffu sion  o f r ib o n u c lé a se  a n d  w e re  e x tra p o la te d  to  in fin ite  d ilu tio n . T h e  in tr in s ic  v isc o s itie s  w e re  d eterm in ed  b y  m e a n s  o f 
a  tw in -v isc o m e te r  te ch n iq u e  w h ich  a llo w e d  d ire c t co m p ariso n  o f so lu tio n  an d  s o lv e n t flow  tim es a t  e a c h  te m p e ra tu re . I f  
i t  is  a ssu m ed  th a t  th e  th e rm a l d é n a tu ra t io n  can  b e  d escrib ed  as  an  eq u ilib riu m  b etw een  n a t iv e  r ib o n u c lé a se  a n d  a  s in g le  
d e n a tu re d  fo rm , th e  eq u ilib riu m  c o n sta n t (K ) fo r  th e  re a c tio n  can  be c a lc u la te d  fro m  e ith e r  th e  s e d im e n ta tio n  v e lo c ity  o r 
in tr in s ic  v is c o s ity  d a ta . B o t h  m eth o d s y ie ld  g ra p h s  o f lo g  K  v s .  1 / T  w h ich  sh o w  som e c u rv a tu re  a t  h ig h  te m p e ra tu re s ; 
fu rth erm o re , th e  d a ta  do  n o t e x a c t ly  su p erim p o se . T h e se  re su lts  in d ic a te  th a t  th e  d é n a tu ra tio n  p ro cess  is m o re  co m p lex  
th a n  assu m e d  a b o v e . B o t h  m eth o d s y ie ld  a  v a lu e  o f a b o u t  6 5  k c a l./ m o le  fo r  A H 0, w h ich  is  so m e w h a t g re a te r  th a n  th e 
re su lt  w h ich  h as  b een  re p o rte d  fro m  o p tic a l ro ta tio n  a n d  sp ec tro sco p ic  m eth o d s. T h e  d a ta  a re  d e fin ite ly  n o t co n sisten t 
w ith  th e  h y p o th e s is  th a t  th e  d é n a tu ra t io n  co rresp o n d s to  a  g ra d u a l u n fo ld in g  w ith  in c re a sin g  te m p e ra tu re .

Introduction
This paper describes a study of the reversible 

thermal dénaturation of ribonucléase. While this 
process has been rather extensively investigated by 
a number of authors, the methods of study re­
ported here have not been used previously. In 
this work the sedimentation coefficient, the ap­
parent specific volume, and the intrinsic viscosity 
have been measured as functions of temperature. 
While numerous methods have been used in studies 
of the thermal dénaturation,3-7 no previous 
measurements of the intrinsic (rather than re­
duced) viscosity or the sedimentation coefficient 
have been reported throughout the temperature 
interval of the transition.

It has been found that lowering the pH of the 
ribonucléase solutions lowers the transition tem­
perature.6-7 Therefore, in order to make the 
process more susceptible to study by velocity sedi­
mentation, a relatively low pH (2.8) was chosen for 
this work.

Experimental
Materials.—The sample of ribonucléase used for most of these experiments was purchased from Pentex, Inc., and was their Lot No. 26Z7, 5X recrystallized. Ribonuclease-A was obtained from this lot by the countercurrent distribu­tion (CCD) procedure of King and Craig.8'9 The CCD pat­tern obtained after 200 transfers is shown in Pig. 1 . Ribo- nuclease-A was obtained from the upper and lower phases of tubes 65 and 120, inclusive. The pooled samples were concentrated by removal of solvent in a rotary evaporator and allowed to precipitate overnight in a cold room at 2 to 3°. The precipitated protein then was dialyzed and lyophilized. From 3 g. of Lot No. 26Z7 approximately 1 g. of ribonuclease-A was isolated. Approximately 1 g. of
(1) Presented at the 36th National Colloid Symposium, Stanford 

University, Palo Alto, California, June, 1962.
(2) (a) Submitted by D. N. Holcomb to the faculty of the University 

of Illinois in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy, April, 1962; (b) Department of Chemistry, 
University of California, Berkeley, California.

(3) J. G. Foss and J. A. Schellman, J. Phys. Chem., 63, 2007 (1959).
(4) W. F. Harrington and J. A. Schellman, Compt. rend. trav. Lab. 

Carlsberg, ser. Chim., 30, 21 (1956).
(5) C. Tanford and R. E. Weber, private communication; see also 

R. E. Weber, Ph.D. Thesis, State University of Iowa, 1958.
(6) K. E. Van Holde, unpublished results.
(7) J. Hermans, Jr., and H. A. Scheraga, J. Am. Chem. Soc., 83, 

3283 (1961).
(8) T. P. King and L. C. Craig, ibid., 80, 3366 (1958).
(9) T. P. King and W. Königsberg, Ann. N. Y, Acad. Sei., 88, 571 

(1960).

a d d it io n a l m a te r ia l , p re s u m a b ly  r ib o n u c le a s e -B , w a s  
o b ta in e d  fro m  tu b e s  1 3 0  to  19 9 , in c lu s iv e . A f te r  C C D  
p u rif ic a t io n , th e  r ib o n u c le a se -A  g a v e  a  co lo rless , b u t  s lig h t ly  
h a z y  s o lu tio n . C e n tr ifu g a tio n  in  a  b e n ch -to p  ce n trifu g e  
y ie ld e d  c le a r  so lu tio n s o f r ib o n u c le a se -A  w ith  a  v e r y  sm a ll 
a m o u n t o f so lid  m a te r ia l co llected  on  th e  to p  o f th e  so lu ­
tio n s . B e fo re  v is c o s ity  exp e rim e n ts  w e re  p e rfo rm e d  th e  
so lu tio n s w e re  ce n trifu g e d  an d  th is  m a te r ia l w a s  re m o v e d . 
U n less  o th e rw ise  in d ic a te d , a l l  o th e r ch em ica ls  u sed  in  th e se  
e x p e rim e n ts  w e re  co m m ercia l p re p a ra t io n s  o f a n a ly t ic a l  
re a g e n t g ra d e  a n d  w e re  u sed  w ith o u t fu r th e r  p u rif ic a t io n .

W ith  excep tio n s as  n o ted , th e  b u ffe r  so lu tio n s  u se d  in  
th is  w o rk  w e re  0 .0 1  M  in  p o ta ss iu m  ac id  p h th a la te  a n d  0 . 1 5  
M  in  K C 1 .  T h e  p H  o f th e  r ib o n u c lease  so lu tio n s  w a s  
a d ju s te d  to  2 .8 0 0  w ith  H C 1.

B e c a u s e  o f th e  sm a ll am o u n t o f m a te r ia l a v a i la b le  th e  
co n ce n tra tio n s  o f r ib o n u c le a se -A  so lu tio n s w e re  d eterm in ed  
fro m  th e  a re a s  u n d er re fra c t iv e  in d e x  g ra d ie n t c u rv e s  
o b ta in e d  in  s y n th e t ic  b o u n d a ry  s e d im e n ta tio n  e x p e rim e n ts . 
T h e s e  exp erim en ts  w e re  ca rrie d  o u t a t  2 0 °  w ith  a  ro to r  speed  
o f a b o u t 12 ,5 9 0  r .p .m . T h e  o p tic a l s y s te m  o f th e  u ltra -  
ce n trifu g e  w a s c a lib ra te d  b y  a  s y n th e t ic  b o u n d a ry  e x p e ri­
m e n t w ith  su cro se  fo r  w h ich  th e  sp e c ific  r e fr a c t iv e  in crem en t 
is  a c c u ra te ly  k n o w n .10 F o r  r ib o n u c lease  th e  sp ec ific  
re fra c t iv e  in cre m e n t w a s  ta k e n 11 to  b e  1 .9  X  1 0 _3. T h e  
co n ce n tra tio n s  c a lc u la te d  in  th is  m an n er sh o u ld  b e  a c c u ra te  
to  ± 5 % .

O nce p re p a re d , a ll so lu tio n s  w e re  sto re d  in  a  co ld  ro o m  
a t  2  to  3 °  u n til u se d . M e a su re m e n ts  g e n e ra lly  w e re  m ad e  
w ith in  one w e ek  a f te r  p re p a ra t io n  o f th e  p ro te in  so lu tio n s 
a n d  m o st w e re  m ad e  no m o re  th a n  3  d a y s  a f te r  p re p a ra t io n . 
S e d im e n ta tio n  v e lo c ity  e x p e rim e n ts  w h ich  w e re  m a d e  a t  
n e a r ly  th e  sam e te m p e ra tu re s  an d  w ith  th e  sa m e  so lu tio n s, 
b u t  se p a ra te d  b y  a  p erio d  o f se v e ra l d a y s ,  sh o w ed  th a t  no 
ch an g e  o f th e  se d im e n ta tio n  co e ffic ien t, S2 o,w re su lte d  on 
s to ra g e  o f th e  so lu tio n s.

S e d im e n ta tio n  M e a s u r e m e n ts .— T h e  s e d im e n ta tio n  m e a s­
u re m e n ts  w e re  m a d e  w ith  a  S p in co  M o d e l E  u ltra c e n tr ifu g e  
e q u ip p ed  w ith  an  R T I C  ( R o to r  T e m p e ra tu re  In d ic a to r  a n d  
C o n tro l)  u n it . T h e  R T I C  w a s  c a lib ra te d  b y  th e  te s t  s ta n d  
m eth o d  p re v io u s ly  d escrib ed  b y  B a ld w in .12 A  ch eck  o f th e  
c a lib ra tio n  a t  roo m  te m p e ra tu re  w ith  th e  ro to r  a t  re s t  in sid e 
th e  v a c u u m  c h am b er g a v e  th e  sa m e  R T I C  re a d in g  as  w as 
o b ta in e d  w ith  th e  ro to r  on th e  te s t  s ta n d  o u tsid e . T h e  ca li­
b ra tio n  w a s ch eck ed  b y  th e  te s t  s ta n d  m eth o d  a t  fre q u e n t 
in te rv a ls  d u rin g  th e  series  o f e x p e rim e n ts . A  te s t  o f th e  
R T I C  c a lib ra tio n  a lso  w a s  m a d e  b y  th e  d ip h e n y l e th e r 
m e th o d  re p o rte d  b y  B ia n c h e r ia  an d  K e g e le s .13 T h e  d i­
p h e n y l e th e r u sed  w a s  re c ry s ta lliz e d  fo u r tim es a n d  m e lte d  
a t  2 6 .8 1 ° ,  in  good ag re e m e n t w ith  B ia n c h e r ia  a n d  K e g e le s ’ 
v a lu e  o f 2 6 .8 3 ° .  W ith  th e  ro to r  sp in n in g  a t  5 9 ,3 6 0  r .p .m .

(10) L. J. Gosting and M. S. Morris, J. Am. Chem. Soc., 71, 1998 
(1949).

(11) K. E. Van Holde and R. L. Baldwin, J. Phys. Chem., 62, 734
(1958).

(12) R. L. Baldwin, Biochem. J., 65, 503 (1957).
(13) A, Biancheria and G. Kegeles, J. Am. Chem. Soc., 76, 3737 

(1954).
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and an RTIC reading corresponding to 31.37 ±  0.03° (using the test stand calibration), the diphenyl ether method gave a temperature of 31.35 ±  0.02°. For high tempera­ture experiments the rotor was placed in an electric oven and preheated to a temperature about 3 to 5 degrees above the temperature at which tho sedimentation experiment was to be made. For temperatures above 55°, even with the heater in the chamber operating continually, the rotor temperature generally decreased by about 5° before temper­ature equilibrium was attained and the run was started. During the course of a sedimentation run the temperature was constant to at least ± 0 .2 ° and generally the control was to about ±0.1° or better. All sedimentation velocity meas­urements were made in cells with Kel-F centerpieces.14 A wedge and a plain cell were used simultaneously, the wedge cell containing a solution of about 0.4% ribonuclease and the plain cell a solution of about 0.8% ribonuclease. Be­cause of the rapid diffusion of ribonuclease and the conse­quent rapid flattening of the concentration gradient curve, it was necessary to begin taking photographs as soon as the boundary maximum had separated from the meniscus. Therefore, the earlier photographs were of necessity taken under conditions of non-free diffusion. Usually ten photo­graphs were taken at 8-min. intervals. The photographs were measured on a Bausch and Lomb Bench Comparator, Model 32-12-11-01. The boundary maximum positions could be determined to at least ± 0.02 mm. for photographs taken early in the sedimentation experiment and to about ±0.05 mm. for photographs taken near the end of the run when boundary spreading due to diffusion had become prom­inent.The molecular weight determination was made by means of the sedimentation equilibrium method described by Van Holde and Baldwin.11 A solution column height of 3.8 mm. was employed. The measurement was made at a pH of 7.7 in a 0.0078 M  phosphate-0.15 M  KC1 buffer. Twenty-three hours were allowed for equilibrium to be attained, using a speed of 12,52o r.p.m.Apparent Specific Volume Measurements.15—A pair of dilatometers were constructed by sealing 0 .2-ml. measuring pipet capillaries onto bulbs of about 10 ml. volume. In making the measurements, one dilatometer was filled with buffer and the other with protein solution. The dilatome­ters were weighed to ± 0.0001 g. before and after being filled. Once filled, the dilatometers were placed in a large dewar which was equipped with heater, stirrer, and thermom­eter. The temperature could be estimated to ±0.02° and at any temperature setting could be held constant to at least ±0.05°. The change in the apparent specific volume of ribonuclease then was determined by noting the change in height of the solution column relative to the change in height of the buffer column as a function of temperature. The heights of the columns were measured relative to reference marks on the capillaries with a cathetometer which was accurate to ±0.001 cm. In order to take into account any variations in capillary bore each capillary was cali­brated by measuring the length of a mercury thread of known weight at various positions in the capillary. The apparent specific volume measurements presented were made as a function of increasing temperature only. On cooling the dilatometers, complete drainage of solution from the capillary walls was not attained and consequently the data taken on cooling are not reported.Viscosity Measurements.—The viscosity of the phthalate buffer, relative to water at 25.000 ±  0.005°, was measured with a Cannon-Ubbelhode (D-50/116) viscometer having a flow time of about 200 sec. for water at 25°. A kinetic energy c r  rrection was not made for this determination.
(14) In earlier experiments using aluminum centerpieces, erratic 

results sometimes were observed. The results which were obtained 
indicated that the inconsistency was due to acid attack on the alumi­
num. See also V. N. Schumaker and B. Marano, Arch. Biochem. 
Biophys., 94, 532 (1961).

(15) This experiment was carried out using a sample of ribonuclease 
purchased from Sigma Chemical Company (their Lot No. R40B-074, 
5X recrystallized, salt and protease free) dissolved in a 0.02 M phthal­
ate buffer (no additional KC1). Since the change in apparent specific 
volume is the quantity of interest, it is felt that the use of a different 
ribonuclease sample and lower ionic strength buffer should not seri­
ously affect the results. The latter assumption is supported by the 
data of Cox and Schumaker. See D. J. Cox and V. N. Schumaker, 
J. Am. Chem. Soc., 83, 2433 (1961).

Fig. 1 .—Countercurrent distribution pattern obtained with Pentex lot no. 26Z7 ribonuclease. The optical densities a t 280 m t̂ are plotted v s . tube number for the lower (filled circles) and upper (crosses) phases. The major peak with a maximum at tube no. 108 is attributed to ribonuclease-A and the smaller leading peak presumably is due to ribo- nuclease-B. The distribution of ribonuclease between the upper and lower phases at the maximum of the major peak corresponds to a partition ratio (=  O.D. (upper)/O.D. lower) of about 0.9, in fair agreement with King and Craig’s value of 0.8. The ribonuclease-A used in these experiments was obtained from the upper and lower phases of tubes 65 to 120 , inclusive.
A pair of Ostwald-Fenske viscometers, each having a flow time for water at room temperature of about 340 sec., were used for the measurement of the specific viscosity of ribo­nuclease-A as a function of temperature. Because of the long flow times of these viscometers, no kinetic energy correction was made. The flow times (t )  of the viscometers, designated right (r) and left (1), were determined as func­tions of temperature whh conductivity water and a cali­bration curve of r  ( =  h.w/h.w) v s .  T  was constructed. The calibration curve for each pair of viscometers was a straight line of very small slope. The viscometer which had the shorter flow time always was filled with protein solution and the other viscometer with solvent. The protein concentra­tions employed were 0.8, 0.9, and 1.6% (w ./v.). The temperature of the water in the dewar flask in which the viscometers vrere placed was regulated with a Haake thermo­regulator and could be maintained to at least ± 0 .0 2 ° at all temperatures employed. The flow times, tT and tu  were_ determined simultaneously for buffer and protein solution with electric timers to about ±0.1 sec. In general, if t\ and U  both increased or decreased by 0 .1  sec. or less in a second measurement from their values for a first measure­ment the two measurements were taken to be sufficient. If the changes were greater than this, or in opposite di­rections, further measurements at the particular tempera­ture were made.

Results
Molecular Weights.— Weight- and z-average 

molecular weights were calculated from the 
equilibrium ultracentrifugation data by the
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Fig. 2.—The dependence of the partial specific volume upon temperature.
methods discussed by Van Holde and Baldwin.11 
The data led to M z =  17,700 and M w =  14,700, 
both values being significantly higher than the 
formula weight (13,683) of ribonucléase. A sharp 
increase in the slope of the dn/dr vs. r photograph 
observed near the bottom of the cell indicated that 
the sample was contaminated by a small amount 
of a high molecular weight impurity. Assuming a 
two-component system with one component having 
the formula weight, the method derived by Sophi- 
anopoulos and Van Holde16 gave the molecular 
weight and weight fraction of the impurity as
58,000 and 0.02, respectively. The occurrence of 
some aggregation of the ribonucléase during the 
evaporation or lyophilization seems quite likely. 
Further, it has been shown17 that ribonucléase may 
aggregate even during cold storage. It is not ex­
pected that this small amount of impurity will 
materially affect the results obtained here.

Temperature Dependence of the Apparent Spe­
cific Volume.—’Aside from the inherent interest in 
determining the variation of the partial specific 
volume, Vi, of ribonucléase with temperature, it is 
necessary to know this variation in order to correct 
the sedimentation velocity data for the variation of 
“ buoyancy”  term, (1 — v2p), with temperature.18 
The quantity actually measured, the apparent 
specific volume, may be written as

d>v(T) =  [V(T) -  toiVi\T)]/wi (1)

where V{T) is the total volume of solution at tem­
perature T, Wi is the weight of solvent, vh is the 
weight of solute, and v\° is the specific volume of 
pure solvent. For fairly dilute solutions <j>v 
and Vi will be nearly equal. With two dila- 
tometers, one containing wT grams of pure solvent

(16) A. J. Sophianopoulos and K. E. Van Holde, J. Biol. Chem., 
236, PC 82 (1961).

(17) D. A. Yphantis, Ann. N. Y. Acad. S c i88, 586 (1960).
(18) See, for example, H. K. Schachman, “ Ultracentrifugation in 

Biochemistry,” Academic Press, New York, N. Y., 1959, p. 82.

and the other Wi grams of solvent and w2 grams of 
solute, the change in the apparent specific volume 
between two temperatures (A<t>v) is given as

(Wi/A) A4>v =  (Ah — AhT) — d'AhT (2)
where Ah and Ahr are the changes in the meniscus 
positions in the solution and reference dilatom- 
eters, respectively, A and A r are the cross sec­
tional areas of the capillaries, and d' =  (wi/wr)• 
A t/A — 1. Equation 2 gives the temperature de­
pendence of <j>v in terms of readily measurable 
quantities. Using the value 0.695 ml./g. for v 
of ribonucléase at 20° as cetermined by Harrington 
and Schellman,4-11 one may tabulate v as a function 
of temperature. These cata are shown in Fig. 2. 
It is seen that the partial specific volume increases 
through the thermal transition range from about 
0.701 ml./g. at 34° to about 0.712 ml./g. at 66°, 
corresponding to an increase in V, the partial molal 
volume, of about 150 ml./mole. It is evident, 
however, that there is a decrease in volume in the 
transition, nativeWdenatnred protein, at any given 
temperature. While the magnitude of this volume 
change depends upon the temperature, the value 
estimated at the mid-point of the transition (45°) 
is, by extrapolation of the linear volume vs. T 
curves obtained at high and low temperatures, 
about 240 ml./mole. From Fig. 2 it can be seen 
that native rihonuclease shows a temperature de­
pendence of v of about 4.5 X  10-4 ml./g./deg., 
while for denatured ribonucléase the temperature 
dependence is about 18 X  10 “ 4 ml./g./deg. For 
native ribonucléase, Cox and Schumaker’s data15 
give (dzi/dT) =  8 X  10“ 4 ml./g./deg.

Temperature Dependence of the Sedimentation 
Coefficient.—-Sedimentation coefficients of proteins 
usually are calculated from the slope of the line

2.303 log [(r*)t/(r* )t0] =  sTw2(i -  k) (3)

where st is the sedimentation coefficient at tem­
perature T and (r*)t and (r*)t0 are the positions of 
the maximum of the cor centration gradient curve 
at times t and t0, respectively, t0 being the time of 
the first photograph. Alternatively, the values of 
St may be calculated directly from eq. 3 for each 
photograph after the first one. The derivation of 
eq. 3 involves the assumption that the diffusion 
coefficient, D, is zero. For a solute with a non­
zero diffusion coefficient it can be shown that in­
stead of the maximum of the refractive index 
gradient curve, r*, one should use the second mo­
ment of this curve, a, in eq. 3,19 and ax/t and r* will 
not in general coincide. With the standard cell 
used in this work the diffusion process in the sedi­
menting boundary is restricted due to the presence 
of the meniscus, and with ribonucléase, the maxi­
mum of the concentration gradient resolves from 
the meniscus so slowly that a considerable amount 
of the time of the sedimentation process is spent 
under conditions of restricted diffusion. Thus, the 
discrepancy between <rl/l and r* is outside of experi­
mental error, especially for photographs taken 
early in the experimen :s. In most of these ex-

(19) See, for example, J. W, Williams, K. E. Van Holde, R. L. 
Baldwin, and H. Fujita, Chem. Rev., 58, 715 (1958).
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periments with ribonucléase, application of eq. 3 
yielded considerably higher sedimentation coeffi­
cients from the first few photographs than from 
photographs taken later in the experiments.

The method proposed by Fuji ta and MacCos- 
ham20 has been used to correct the data for this 
diffusion effect. The method of calculation has 
been described elsewhere.2'21 In a typical sedi­
mentation experiment, eq. 3 led to an average 
value of the sedimentation coefficient of 1.69 S 
while a value of 1.63 S was obtained after the data 
had been corrected for the diffusion effect. The 
values of St have been corrected to conditions of 
aqueous solvent at 20° by the relation

2̂0, w ST [7?w,t/ ’?20,w](’?b/ ’?w)25
(1 ^p)20,w
(1 — öp) t .b

(4)

Use of eq. 4 involves the assumption that the rela­
tive viscosity of buffer (vb/Vw) will be constant 
over the temperature interval being considered.

The sedimentation coefficient, s2o.w at C =  0.8 
g./lOO ml. for ribonuclease-A in the phthalate- 
0.15 M  KC1 buffer is shown in Fig. 3 as a function 
of temperature. The fact that s20iW remains quite 
constant over a considerable temperature range 
below 35° and, over a shorter range above 55° may 
be taken as evidence that the use of eq. 4 is justi­
fied. Plots of s20,w vs. temperature were made with 
data obtained for 0.4% and 0.8% solutions of ribo­
nuclease-A and smooth curves were drawn through 
each set of data. A curve of s°20,w then was ob­
tained by a linear extrapolation to infinite dilution 
of points taken from the two smooth curves. It is 
in general preferable to use the actual experimental 
values in making an extrapolation of this type; 
however, because of frequent cell leaks and two 
cases of cell distortion, points at both 0.4% and 
0.8%  concentrations were not available at all 
temperatures. The dependence of s20,w upon con­
centration is so small that the results from only 
two points can be used with confidence. The 
value of s°20,w for ribonuclease-A measured here is 
1.79 ±  0.02 S at room temperature and in a solu­
tion of ionic strength 0.17. Literature values for 
the sedimentation coefficient4'22 vary considerably, 
but the value of 1.90 S reported by Harrington and 
Schellman4 is perhaps the most reliable. None of 
the values previously reported have been corrected 
for the diffusion effect. Probably of more signifi­
cance to the difference between the value of s°20,w 
obtained in this work and that of Harrington and 
Schellman (as well as other literature values ob­
tained at pH =  7) is that the solvent conditions 
are not the same. According to the data of Her­
mans and Scheraga7 at pH 2.8 the ribonuclease 
molecule is in a less compact configuration at room 
temperature than it is at pH 7. Finally, it is not 
unreasonable to expect a measurable secondary 
charge effect at pH 2.8.

(20) H. Fujita and V. J. MacCosham, J. Chem. Phys., 30, 291
(1959); see also J. M. Peterson and R. M. Mazo, J. Phys. Chem., 65, 
566 (1961).

(21) A. J. Sophiancpoulos, C. K. Rhodes, D. N. Holcomb, and K. E. 
Van Holde, J. Biol. Chem., 237, 1107 (1962).

(22) H. Neurath and K. Bailey (eds.), “ The Proteins,” Vol. I, 
Part B. Academic Press, New York, N. Y., 1953, p. 634.

Fig. 3.—A graph of s«0,w v s . temperature. The solutions contained 0.8% ribonuclease-A in the phthalate-0.15 M  KC1 buffer a t pH 2.8. The units of s ,o,w are svedbergs (1 X 10~13 sec.). The vertical bars through the points correspond to ± 0.02 svedbergs.

Fig. 4.-—Temperature dependence of the intrinsic viscos­ity. The intrinsic viscosity [ij] (ml./g.) at each temperature was obtained by extrapolating to infinite dilution the values of the reduced viscosity, ijB„ / ( ' ,  taken from smooth curves drawn through plots of 17Bp/C for ribonuclease-A in the phthalate-0.15 M  KC1 buffer a t concentrations of 0.8, 0.9, and 1 .6 %.
Temperature Dependence of the Specific and 

Intrinsic Viscosities.—The relative viscosities of 
the protein solutions were calculated from the 
relationship

V r  = ,p Ppr —  -L.b Pb (5)

where r (=  Aw/h.w) 1S the previously mentioned 
viscometer calibration factor, ¿r b is the flow time of 
the right viscometer for buffer, b,P is the flow time 
of the left viscometer for protein solution, and pp 
and pb are the densities of protein and buffer solu­
tions. The densities at a temperature T were 
calculated as

PP(T) =  ph(T) +  Ap (protein) (6)
and

Ph(T) =  pw(T) +  AP(KHCsH,04) +  Ap(KCl)
(7)

where
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Fig. 5.—Temperature dependence of the fraction of mole­cules in the denatured configuration. The fraction of mole­cules in the denatured configuration, is plotted v s .  T .  The open and filled circles represent data calculated from the temperature dependence of s2o,w and of [ij], respectively. The height of the circles represents the estimated experi­mental error in/a; the experimental error in T  should be no more than ± 0 .2 °.

Ap(protein) =  (1 — viph)ci/100 (8)
Ap (X) is the density increment due to component X  
and C2 is protein concentration in g./lOO ml. Values 
for Ap (salt) were obtained from the literature23; 
it was assumed that the density increment due to 
potassium acid phthalate would be nearly equal to 
that due to phthalic acid. It also was assumed 
that any variation of A p(X) with temperature 
would have negligible effect on the pp/pb  ratio. 
Figure 4 shows the variation of the intrinsic vis­
cosity ([??]) of ribonuclease-A with temperature. 
The points of Fig. 4 are extrapolations to infinite 
dilution of values taken from smooth curves drawn 
through plots of yBp/c vs. temperature for protein 
concentrations of 0.8, 0.9, and 1.6%. The 
intrinsic viscosity of ribonuclease-A measured 
here is about 3.4 ±  0.2 ml./g. at room tempera­
ture. This is in good agreement with the value 
of 3.3 ml./g. measured by Harrington and Schell- 
man4 for Armour ribonuclease at pH 7.

Expression of Results as Fraction of Molecules 
in the Denatured Form.—In the limits of low and 
high temperatures the specific and intrinsic vis­
cosities and the sedimentation coefficient of ribo­
nuclease approach limiting values. These limit­
ing values are assumed to be characteristic of the

(23) International Critical Tables, III, McGraw-Hill, New York, 
N. Y., 1928.

native and denatured configurations, respectively. 
If it is assumed that the dénaturation reaction is a 
single step process of the form

native protein (n) < > denatured protein (d) (9)
then, at any temperature the fraction of molecules 
in the denatured configuration, / d, will be given as

h  =  1 -  /n = C d/(C a +  C A) =  Cd/C (10)
Here Cn and Cd are the concentrations of the pro­
tein in the native and denatured states, respec­
tively, and C is the total protein concentration. 
In the limit of infinite ddution and at a tempera­
ture T one may write for the experimentally 
measured quantities, A t0 (which in this work would 
be either s°2o,w or [77])

^T° = (Cnx n° +  C M / ( C n +  Cd) (11)
where the subscripts n and d refer to the native 
and denatured protein, respectively, and the super­
script 0 indicates that the value of X  has been 
extrapolated to zero concentration. Equation 11 
also will apply to the values of X  measured at finite 
concentration under certain conditions.24 From 
eq. 10 and 11 one may express the fraction of mole­
cules in the denatured state in terms of the meas­
ured quantities as

fd =  ( * t° -  X n°)/(Xdo -  X n°) (12)
Using eq. 12 and the experimental data, Fig. 5 
showing / d vs. temperature as measured by sedi­
mentation velocity and viscometry has been pre­
pared.

Calculation of Equilibrium Constants.— If the
dénaturation reaction has the form of eq. 9 then it 
is possible to write for the equilibrium constant 
for the transition25

K  =  C d/Cn = / d/ ( l  -  / d) (13)
Or, from (12)

K  =  (X T° -  X n»)/(Xdo -  X T°) (14)
An apparent equilibrium constant, K*, may be 
calculated by replacing the values of X° in eq. 14 
with X , the value of the variable measured at a 
finite concentration, but K  and K*  will be equal 
only if the equilibrium constant is independent of

(24) The effect of concentration dependence of the sedimentation 
coefficients or reduced viscosities upon the values of apparent thermo­
dynamic parameters (K, AH°) obtained at finite concentration has 
been investigated. Details are given elsewhere (see ref. 2), but the 
important facts can be summarizad as follows: the difference between 
the true equilibrium constant and enthalpy values and the apparent 
quantities depends upon differences between the rate of change with 
concentration of S2o,w (or [17]) for the native and denatured forms. 
To a good approximation the apparent equilibrium constant will 
vary with the first power of the concentration and the apparent 
enthalpy with the second power; in either case this variation should 
be small.

(25) Since in the determination of equilibrium constants from the 
sedimentation behavior the pressure at the position of the moving 
boundary is appreciably greater than atmospheric, the question may 
arise as to whether the change in equilibrium constant with pressure 
may be significant. Taking, as a liberal estimate, the average pressure 
at the boundary as 50 atmospheres and the molar volume change on 
dénaturation as —240 ml./mole suggests that the values of log K 
may be about 0 .2  greater than would be observed at atmospheric pres­
sure. This is about the same as the experimental error.
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concentration.24 Figure 6 is a van’t Hoff plot for 
the data of Fig. 5. The deviation from linearity 
at high temperature (low 1 /T) has been observed 
previously by Hermans and Scheraga.7 They have 
suggested that this curvature may be due to the 
existence of more than one reversibly denatured 
form of ribonuclease.

It can be shown that deviation from linearity in 
the van’t Hoff plot would be obtained if the reac­
tion were not a single step process, but rather one 
consisting of two (or possibly more) discrete steps

N ^  B D (15)
K x K,

Here N, B, and D represent the protein in the 
native, intermediate, and denatured configurations, 
respectively, and Kx (=  Cb/C n) and ( =  Cd/C b) 
are the equilibrium constants for the first and 
second steps of the reaction. At a temperature T 
one may assume

A t " = (CNZ N° +  (7bA b° +  CDX D“) /
(CN +  Cb +  Cd) =  (A n0 +  K iX b° +

M s  Z D°)/(1 +  Kx +  M s )  (16)

Substitution of (16) into (14) gives the measured 
“ equilibrium constant”  in terms of the true equi­
librium constants as

In(K) =  In [(VN° -  Z B°) +
Z 2(Z N° -  Z D°)] -  In [(Z N° -  Z D°) +

Z i (Z B° — Z D0)] +  In (Kx) (17)

With the assumption that at low temperatures Kx 
< < 1  and K 2 «  1 and that at high temperatures 
Kx > > 1  and K 2 » 1, it can be shown that the 
van’t Hoff plot would have low and high tem­
perature limiting slopes of d In (Ki)/d(l/T) and 
d In (K2)/d(l/T), respectively. The two-step 
mechanism proposed above can, under certain con­
ditions, qualitatively predict the kind of deviation 
from linearity observed in the van’t Hoff plots. 
Furthermore, according to this mechanism a 
graph of log K  vs. l/T  will approach a straight line 
with a slope corresponding to AH j° at low tempera­
ture. The values of K  will, however, differ from 
Kx by the constant factor (Z n° — Z b° ) / (Z n° — 
Z d °), even at low temperature. The value of this 
factor may differ when different physical methods 
of measurement are used. Thus, behavior of the 
kind observed in Fig. 6, where the low-tempera­
ture portions of the van’t Hoff plots are parallel 
but displaced from one another, is consistent with 
such a mechanism.

Another mechanism which has been considered is

(18)

where A represents native protein and B and C 
are two denatured forms. Unless Kx =  K 2, at all 
T, either B or C must be the form exclusively pres­
ent at very high temperature. Taking it to be C,

data of Fig. 5. The points represent the sedimentation data and the crosses represent the viscosity data. The experi­mental error is greater a t values of l / T  corresponding to the upper and lower temperature limits of the transition.
the apparent equilibrium constant obtained turns 
out to be

, „  , / « w  -  X ,° ) +  KJXX' -  Xc")
ta K  =  ln X a° — X c ° +  K i (X bb -  Xc°)

(19)
The predictions from this mechanism are qualita­
tively similar to those given by the former: a 
straight line for In K  vs. l/T  at low temperature, 
with deviation at higher temperature.

A final possible explanation for the curvature of 
the van’t Hoff plots is a difference in heat capacity 
between native and denatured protein.26 One 
would expect the denatured protein to have many 
additional degrees of freedom and consequently a 
higher heat capacity than the native protein. In­
deed, a value of ACt =  9850 cal./mole deg. has 
been obtained for the acid dénaturation of ferri- 
hemoglobin.27 Even allowing that A(7P for the 
much smaller ribonuclease molecule should be con­
siderably lower, values of this order would be 
quite sufficient to produce the degree of curvature 
observed here. However, a constant difference in 
heat capacity between product and reactant would 
lead to a nearly uniform curvature over the en­
tire temperature range. To reproduce accurately

(26) We are indebted to Professor T. E. Phipps for this suggestion.
(27) W. W. Forrest and J. M. Sturtevant, J. A. Chem. Soc., 82, 585

(1960).
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the van’t Hoff plots obtained in this work and by 
Hermans and Scheraga,7 ACp would have to be 
much smaller near the low temperature limit of 
the transition range than at temperatures only 10° 
higher. This appears to be a somewhat artificial 
and unjustified assumption.

The data available do not permit a distinction to 
be made between these possibilities; certainly 
calorimetric measurements of the process would be 
of aid at this point.

Thermodynamic Parameters.—Because of the 
curvature of the van’t Hoff plots, the assumption 
of a single-step reaction such as eq. 9 is of dubious 
validity. However, the calculation of thermo­
dynamic parameters for such an assumed reaction 
is useful. The parameters calculated give at least 
estimates of the enthalpy and entropy changes 
which occur during the transition and of the free 
energies of reaction. Further, these values should 
serve as a basis for comparison of data obtained for 
different samples and by different methods. 
Finally, analysis of more complex mechanisms in­
dicates that in some cases the correct AH° for one 
step of the reaction can be obtained readily. Ac­
cordingly, the linear portions of the van’t Floff 
plots have been used to calculate the value of AH° 
for the denaturation reaction. The temperature at 
which K  =  1 is termed the transition temperature, 
Txt- The standard state entropy change, AS0, is 
obtained as

A S° =  AH°/TTr (20)

The results are summarized in Table I. Values 
presented include both “ apparent”  parameters 
and those calculated from van’t Hoff graphs of 
data extrapolated to infinite dilution. Only in 
the case of the viscosity results is a significant con­
centration dependence of the apparent AH° seen. 
When the values of AH° obtained at various con­
centrations are plotted vs. C2 and extrapolated24 
to infinite dilution, a straight line is obtained with 
an intercept of 63 kcal./mole.

The values of the transition temperature meas­
ured here are in good agreement with the results 
of Hermans and Scheraga,7 but the heat of reaction 
is significantly higher28 than their value of 51 kcal./ 
mole. The data of Hermans and Scheraga seem to 
begin to deviate from linearity at a somewhat lower 
temperature. The thermodynamic parameters ob­
tained by Tanford and Weber5 (AH° =  65 kcal./ 
mole, AS° =  210 e.u./mole at pH =  2) are in good 
agreement with the results reported here. In con­
trast, Kalnitsky and Resnick29 have obtained a 
much lower value of AH° from studies of the varia­
tion of enzymatic activity with temperature. 
Taken together, the results of the various studies 
suggest that the denaturation process is complex 
and that different methods of measurement weight 
differently the stages of the reaction.

Attempt to Represent the Denaturation Process 
as a Continuous Expansion of the Molecule.—  
Some protein denaturation reactions seem to in-

(28) It should be pointed out that when Hermans and Scheraga’s 
data for pH = 2.89 were plotted in Fig. 6, nearly all of the points fell 
between the two curves.

(29) G. Kalnitsky and H. Resnick, J. Biol. Chem., 234, 1714 (1959).

T able  I
T ransition  T empératures and T hermodynamic

P aRAMETERS FOR THE REVERSIBLE DENATURATION O F
RIBONUCLEASE A T  pH 2.8
Protein
ooncn.

Method (% w./v.) T’iv (“U) A / / " AS0
Sedimentation 0.8 45.2 65 205
Sedimentation .4 45.0 67 211
Sedimentation 0 44.0° 68“ 214'
Viscometry 1.6 45.7 56 176
Viscometry 0.9 44.7 60 189
Viscometry .8 43.8 61 192
Viscometry 0 42.9“ 67“ 212'

° Calculated from values of sso,w or jjsp/C  extrapolated to C = 0 .
volve a continuous change in molecular dimensions 
as the environment is altered, rather than an equi­
librium between a small number of configurational 
isomers. For example, quite convincing evidence30 
has been presented to indicate that a part of the 
acid denaturation of bovine serum albumin is of 
the former type. It would seem worthwhile to 
consider this possibility for the ribonucléase de­
naturation, especially since “ equilibrium con­
stants”  obtained by various physical methods are 
not identical. The fact that the process has been 
studied by two methods, sedimentation and viscom- 
etry, which depend in different ways upon molec­
ular dimensions, allows an investigation of the 
question.

If the denaturation process is visualized as a 
continuous change in an effective hydrodynamic 
radius of the molecule, Re, the dependence of s°2o,w 
and [77] upon T may be written as

20, w -^e (21)

lv\ =  W (22)

The use of constants k and k' is in part justified by 
the zero slope which is observed in both Fig. 3 and 
4 above and below the transition range. If eq. 21 
and 22 are valid, then it is possible to calculate the 
expected variation of the apparent fraction of 
native protein (as measured by one of the above 
methods) from the observed variation determined 
by the other method. For example, it can be 
shown that under these assumptions

/* 11,17,1 _  R e ,T / R e ,T2 +  R e,TR e,d +  ffe.cA ^ 3)
/*n.s R e ,n \ R e .n 2 +  R e ,nRe,d +  R e ,d2 /
where /* n,8 represents the apparent fraction of pro­
tein in the native state as determined from sedi­
mentation coefficient measurements using eq. 12 
and /*„,[,] is the apparent fraction of native protein 
which should then be observed by intrinsic viscos­
ity measurements. Typical results of these calcu­
lations are as follows: at 48°, sedimentation
measurements indicate that 21%  of the protein is 
in the native form; eq. 23 then would predict that 
viscosity measurements should indicate 31% native, 
if the process is a continuous change, obeying eq.

(30) C. Tanford, J. G. Buzzell, D. G. Rands, and S. A. Swanson. 
J. Am. Chem. Soc., 77, 6421 (1955).
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Fig. 7.—’Values of the Scheraga-Mandelkern parameter /3, calculated from the intrinsic viscosity, sedimentation coeffi­cient a t infinite dilution, and partial specific volume, at various temperatures.
21 and 22. The observed value from intrinsic 
viscosity measurements is about 6% . At 46°, the 
corresponding values are 38, 50, and 20%. Thus, 
the observed deviation of /*„,[„] from /* n g is op­
posite to that which would be predicted for a con­
tinuous expansion of the molecule.

Calculation of the Scheraga-Mandelkern ¡3.— 
Scheraga and Mandelkern31 have treated the hy­
drodynamic properties of proteins by representing 
the protein molecule in terms of an effective hydro- 
dynamic ellipsoid of revolution. They have de­
fined a parameter, 8, as

 ̂ M v\ 1 -  F p )20,w (24)

where N  =  6.023 X 1023 is Avogadro’s number, 7?0 
is the solvent viscosity, and the other terms are as 
previously defined. It has been shown that for 
prolate and oblate ellipsoids of revolution 8 should 
vary from 2.12 X 10s to 3.60 X 106 and from 2.12 
X 10s to 2.15 X 10s, respectively, as the axial ratio 
is increased from 1 (corresponding to a sphere) to 
300. From the data obtained in this work, ¡3 was 
calculated as a function of temperature using eq. 
24. The values so obtained are shown in Fig. 7. 
It is seen that the results are somewhat anomalous 
in that at no temperature does 8 become as large 
as 2.12 X 10s, the minimum value which the 
Scheraga-Mandelkern theory would predict. 
From their sedimentation velocity and viscosity 
studies with native ribonuclease at room tempera­
ture and pH =  7, Harrington and Schellman4 
calculate 8 =  2.09 X 108. Harrington and Schell­
man have interpreted this value as suggesting that 
the axial ratio of ribonuclease in the native con­
figuration may not be very different from unity.

One reason for the low values of 8 observed here 
may be the charge effect in the sedimentation 
measurements. In any event, the change in 8 is 
remarkably small over the entire transition. All 
but two of the values lie within ±  5% of the average. 
Clearly the denatured protein does not even ap­
proximate a random coil in its hydrodynamic be­
havior, for a value of 8 — 2.79 X 10s for oxidized 
ribonuclease has been reported.4

Some insight into the behavior of 8 is afforded 
by the Debye-Bueche32 theory. The model chosen

(31) H. A. Scheraga and L. Mandelkern, J. Am. Chem. Soc., 75, 179 
(1953).

(32) P. Debye and A. M. Bueche, J. Chem. Phys., 16, 573 (1948).

by these authors is a uniformly dense spherical 
aggregate of polymer segments, through which 
some flow of solvent (as measured by a parameter
o-) can occur. In many ways this would seem a 
more appropriate model for an expanded, but cross- 
linked, protein molecule than the random coil. 
The quantity 8, as defined in eq. 24, has been cal­
culated for this model. The details of the calcula­
tion need not be given here; the result is that for 
values of u ranging from infinity (hard sphere) to 
5, 8 varies between 2.12 X 106 and 2.07 X  106. 
With further decrease in <r, 8 increases rapidly. 
Thus the fact that the value of 8 is nearly the same 
for the native and reversibly denatured ribo­
nuclease is consistent with the idea that the process 
involves only a moderate unfolding of the molecule.
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DISCUSSION
G. K egeles (Clark University).—Would it be necessary to take account of possible effects on the shape of the sedi­mentation diagram caused by the existence of the transition reaction during sedimentation?
D. N. H olcomb.—The sedimentation diagrams did not appear to be asymmetric. If the transition reaction between the different protein species is sufficiently rapid in both direc­tions of the equilibrium, one would expect a symmetrical peak moving with a weight-average sedimentation rate.
R. T rautman  (Plum Island Animal Disease Laboratory, USDA).—Have you compared the precision or efficiency of the calculation of sedimentation rate using the classical method of integrating over the entire curve (but assuming 

C o ) with the MacCosham-Fujita method using only the maximum ordinate position (but assuming M ) 1

D. N. H olcomb.—We have not attempted to make such a comparison. I t  would be interesting to do so. With the exception of only a few experiments, we used two standard cells which contained solution—one with a wedge window and the other with a plain window. Consequently, we do not have solvent base fines on the photographs and this would make the integration somewhat difficult.
S. R. E rlander (Northern Regional Research Labora­tory, USDA).—With regard to the change in pH in alumi­num cells, several years ago Foster and Kromman observed changes in pH in the aluminum cell at pH values of ap­proximately 3 to 4.
D. N. H olcomb.—That is correct. We were aware that there might be acid attack on the aluminum alloy at this pH. We hesitated to use Kel-F centerpieces initially, however, because we were not certain as to the stability of these centerpieces at higher temperatures. (This appre­hension was later justified in the case of one Kel-F center- piece which became deformed and unusable after several sedimentation experiments above 60°.)
A. Silberberg  (Weizmann Institute of Science).—[3- values even less than 1.9 X 106 are predicted in the case of short polymer chains if the equations for fo ] and s proposed by Kuhn and Kuhn [H. Kuhn, W. Kuhn, and A. Silberberg, 

J .  P o l y m e r .  S c i . ,  14,193 (1953)] are substituted in the Scher­aga-Mandelkern equation. In this theory two parameters are used: the length of the statistical chain element A  and the cross-sectional diameter d of the peptide chain. The data available to the authors should enable those to be evaluated.
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Human serum lipoproteins of the S i  20-106 class have been subfractionated by accumulative flotation rate techniques em­ploying a NaCl density gradient and a specially designed swinging bucket rotor. A feature of this rotor is that it allows the use of full length 1.27 X 8.89 cm. preparative tubes, providing an increased radial flotation path. Studies of y S  v s .  p  allow estimations of hydrated density for lipoproteins within the S i  20-400 class. Over the S i  20-105 lipoprotein spectra, lipid chemical data on isolated lipoprotein subfractions indicate a progressive increase in glyceride content with increasing 
S i  rate. Although imperfect fractionation was achieved, this type of subfractionation or modification of it may be useful in exploring accumulative flotation rate separation techniques of particles or macromolecules which differ in size or molecular weight, but which, because they are less dense than water (or the usual solvent), may not be separated on the basis of their hydrated density.

Introduction
Subfractionation of the low-density lipoproteins 

less dense than serum background (1.006 g./m l.)2 
has consistently presented difficulty. In contrast, 
the fractionation of lipoproteins of higher density 
may be achieved by appropriate density adjust­
ments in the background small molecule (salt) 
solution. Thus, broad lipoprotein classes may be 
fractionated by differential density ultracentrifuga­
tion.3-5 Further, it is theoretically possible to 
make very delicate lipoprotein fractionations on a 
density gradient provided, of course, the solution 
background in a region of the preparative tube can 
be properly adjusted to equal the hydrated density 
of the lipoprotein itself. In practice, this gradient 
may be a temporary one6'7 which necessarily will 
be changing slowly with time or, more ideally, a 
gradient which corresponds closely to the sedi­
mentation equilibrium gradient8 characteristic of 
the particular salt, the salt concentration, and the 
centrifugal conditions. However, once fractiona­
tion has been achieved on the basis of hydrated 
density, physical homogeneity of the macromolec- 
ular preparation is not necessarily assured, since 
there may exist a considerable degree of particle 
size inhomogeneity within the same hydrated 
density class.

On an ultracentrifugal basis the technique of rate 
separation by sedimentation9'10 or flotation11 po­
tentially allows further subfractionation of a given 
lipoprotein preparation which is either less dense 
than 1.006 g./ml., or which already has been frac-

(1) Work supported in part by Research Grants H-1882 (C7) and 
H-2029 (C4) from the National Heart Institute, Public Plealth Service, 
Bethesda, Md., and by the U. S. Atomic Energy Commission, Washing­
ton, D. C.

(2) Unless otherwise indicated all densities are given at 20°.
(3) R. J. Havel, H. A. Eder, and J. H. Bragdon, J. Clin. Invest., 34, 

1345 (1955).
(4) L. A. Hillyard, C. Entenman, H. Feinberg, and I. L. Chaikoff, 

J. Biol. Chem., 214, 79 (1955).
(5) F. T. Lindgren, A. V. Nichols, and N. K. Freeman, J. Phys. 

Chem., 69, 930 (1955).
(6) E. M. Russ, J. Raymunt, and D. P. Barr, J. Clin. Invest., 36, 133 

(1956).
(7) J. L. Oncley, K. W. Walton, and D. G. Cornwell, J. Am. Chem. 

Soc., 79, 4666 (1957).
(8) F. T. Lindgren, A. V. Nichols, T. L. Hayes, N. K. Freeman, and 

J. W. Gofman, Ann. N. Y. Acad. Sci., 72, 826 (1959).
(9) M. K. Brakke, J. Am. Chem. Soc., 73, 1847 (1951).
(10) N. G. Anderson, Exptl. Cell Res., 9, 446 (1955).
(11) F. T. Lindgren, H. A. Elliott, and J. W. Gofman, J. Phys. 

Chem., 66, 80 (1951).

tionated on a density gradient. These techniques 
for separation are also applicable for mixtures of 
proteins of closely similar hydrated densities which 
cannot be subfractionated on a density basis, but 
nonetheless may differ substantially in molecular 
weight from one another.

In order to achieve optimal conditions for rate 
separation, it is desirable to use a swinging-bucket 
type rotor to avoid detrimental convective disturb­
ances inherent in angle preparative ultracentrif­
ugation.12 13 * Also, if rate fractionation is employed, 
the resolvability is greater the longer the path 
length over which the rate separation occurs.

Experimental
Apparatus.—Although swinging-bucket type rotors have been designed18 or are available commercially, such as the Spinco (SW 39 L„ SW 25.1, and K 6 ) and Serval (HS) rotors, none provide for use of both full-size 6-ml. and 9-ml.,12.7 mm. diameter preparative tubes. Use of these full- length tubes, particularly the 9-ml. tubes, would present a long radial path (8  cm.) in which to achieve nearly ideal radial sedimentation or flotation. Because of the wide­spread use of Spinco ultracentrifuges, it seemed desirable to design a swinging-bucket type of rotor that would operate in either the standard Model L or Model E ultracentrifuge. Since these ultracentrifuges utilize a high vacuum for opera­tion, a necessary requirement for the swinging-bucket assembly would be for an effective vacuum seal to prevent possible escape of fluid from the centrifuge preparative tube into the vacuum chamber during operation. Another de­sirable feature includes the capability for sealing the pre­parative tubes with standard preparative cap assemblies to achieve an additional safety vacuum seal as well as to provide for ease of insertion and removal of the preparative tube from the centrifuge bucket. These features have been incorporated into a low-speid swinging-bucket rotor de­scribed below.Construction and Testing.—Because of the convenience of either two- or four-bucket operation, it seemed advan­tageous to design a four-place -otor employing 90° symmetry. The rotor assembly shown in Fig. 1 consists of three parts: a rotor base, a cylindrical rotcr, and a locking cylinder which also serves as a suspension coupling for use on a Model E ultracentrifuge. The rotor base, allowing operation in the Spinco Model L ult.racentrif rge, was turned down from a retired Spinco preparative rotor. The cylindrical rotor was made from a forged billet of 7075 aluminum. After the cylindrical rotor had been machined slightly oversize, it was subjected to a T-6 heat treatment. This process con­sisted of maintaining the rotor a t 471° for 1 hr., followed by a 52° water quench. The rotor then was reheated to 121° for 24 hr. and air quenched. A final machining of the tempered rotor was made to the specified tolerance (±0.05 mm.) for all dimensions.
(12) E. G. Pickels, J. Gen. Physiol., 26, 341 (1943).
(13) 11. Kahler and B. J. Llcyd, Jr., J. Phys. Chem.. 55, 1345

(1951).
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Cenlimeiers

Fig. 1.—Scale drawing of the rotor assembly, a trunnion, and 9-ml. swinging-bucket assembly.

Fig. 2.—Strain-stress relationship obtained from trunnion test, including failure a t a 15,060 kg. stress. Comparable operational stress at various rotor speeds is also shown. All tests were made with a Baldwin Southwark 200,000 lb. hydraulic testing machine.
Perhaps the most critical parts of this centrifuge rotor assembly are the trunnions, which should not be excessively massive, yet must support not only their own weight in the centrifugal field, but also that of the preparative tube as­semblies. For this reason a special silico-manganese type of steel (Allegheny Ludlam 609) was selected for constructing these trunnions, because of its high elastic limit and its ability to withstand severe stress before bending or breaking. The trunnions shown in Fig. 1 were machined first to 0.25 mm. oversize before the heat treatment. In the heat treat­ment a hardening temperature of 843 to 899° was main­tained for 0.5 hr., followed by an oil quench at room tem­perature. Thereafter, a drawing temperature of 427° was maintained for 12  to 18 hr. with the trunnions contained within a “neutral pack” to prevent scaling. After this heat treatment the trunnions were machined to full tolerance, which included balancing such that no trunnion differed from another by more than ± 0.020 g.

Each trunnion was tested in a special support fixture and a hydraulic press subjected each trunnion to a full 9,070 kg. stress. The stress-strain relationship as determined by the downward deflection of the center of the trunnion is showm in Fig. 2. Also along the stress axis are shown com­parable trunnion stresses for operational rotor speeds using fully loaded 9 ml. preparative tube-trunnion assemblies. One trunnion w'as carried to failure, which occurred a t a loading of 15,060 kg. Although a radial cross section through the center of the preparative tube hole was approximately 90% of the combined area of the two support points, failure occurred simultaneously across these two support points. Examination of the trunnion subjected to failure suggested that one pivot failed in shear, whereas the other pivot failed as a result of the severe bending moment developed in the region of failure. Thus, it would appear from this failure (at approximately 10,550 kg./cm .2) tha t enlarging the radius in the region joining the support pivot and the body of trunnion would potentially increase trunnion strength. The expected ultimate strength of Allegheny Ludlam 609 with our heat treatment is in the neighborhood of 21,000 kg./cm .2.The 6- and 9-ml. swinging buckets and caps were machined out of ST24 duraluminum and balanced to within ±0.020 g. A thrust shoulder of 2.38 mm. radius was machined on each of the buckets, matching a complementary supporting rim on the trunnions to provide for accurate and reproducible centering of the trunnion assembly during operation. Fail­ure to provide such centering could lead to detrimental ro­tating couples during operation. Each bucket cap is fitted with an O-ring seal.Although successfully tested at 20,000 r.p.m., practical operation of this rotor :,hus far has been confined to rotor speeds of no more than 10,000 r.p.m. (9,800 X g ). How­ever, operation at from 15,000 to 20,000 r.p.m. (correspond­ing to mean forces of 15.000 to 27,000 X g )  can be expected with safety factors of approximately 6.4 and 3.5, respec­tively. Unfortunately, because of the reduced chamber diameter of the Model E ultracentrifuge (relative to the model L), only the 6-ml. swinging buckets can be used in this machine.Because of the inherent danger of slow leaks and resultant rotor imbalance from an inadequately sealed swinging bucket assembly, simple safety circuits have been incorporated in both our Spinco Model E and Model L ultracentrifuges. These are “vacuum sentinels” which, when in use, instantly shut off the main power to the drive mechanism and simul­taneously cut in the full brake should the vacuum fall below a pre-set level, say, 5 X 10 _3 mm. pressure. Thus, if a leak were suddenly to develop during a run, the rotor could safely and automatically be stopped before serious imbalances might develop. On the Model E ultracentrifuge this sentinel circuit includes an Assembly Products14 Model 351C meter. For the Model L ultracentrifuge, an Assembly Products 10 mv. (full scale) meter with high- low contacts incorporating a scale calibrated in microns is used. In practice, after operational vacuum has been achieved before a run, the vacuum circuit is transferred by appropriate holding relays to the “sentinel circuit” so that in the event of sudden vacuum loss, even during acceleration, the run should “fail safe.”Accumulative Rate Separation of the S t  20-10® Lipoproteins. —The following fractionation procedure is closely related to gradient differential centrifugation10 in which a virus solu­tion is layered on top of a density gradient, and following each of several centrifugations in a swinging-bucket rotor, consecutive fractions are collected at the bottom of the preparative tubes. Further, separation of particles on a density gradient by rate zonal centrifugation9 is also a similar methodology. However, this latter technique is concerned with the separation of discrete molecular entities on the basis of sedimentation rate during a single preparative run. In contrast to both these analogous procedures, the S t  
20- 10® lipoprotein fractionation described below involves several stages of accumulative rate fractionations by flota­tion of portions of a lipoprotein distribution.Although complicated by the presence of a density- gradient, the approximate relationships between the condi­tions of the preparative centrifugation (see Fig. 3) and the anticipated results of fractionation are given below, where:

(14) Assembly Products, Ine., 75 Wilson Mills Rd., Chesterland, 
Ohio.
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r t  =  maximum radial depth of top fraction removed 
rb = radial depth a t the salt gradient-lipoprotein boundary 
r m =  maximum radial depth of preparative tube 
F  =  flotation coefficient a t any particular density and temperature15 16Stcx.063) =  flotation coefficient in 1.748 molal NaCl (p26 =1.063 g./ml.) a t 26°.
Thus, for a swinging bucket preparative run of an equiva­lent up-to-speed time t ,  the flotation coefficient (expressed as svedbergs) of particles tha t are 100% recovered and those particles that are just beginning to arrive at n  (threshold recovery) may be approximated as follows

i ’ (100%  recovery) =  —  In — 1013
ooH rf

1 T\)^(threshold recovery) =  —  In — 1013
0)H Tf

NaCl SALT GRADIENT STABILITY

Further, a measure of the dispersion in the S t  value16 of the fractionated lipoproteins may be expressed as
F( 100% recovery) — ^(threshold)

F( 100% recovery
In r m  -  In rb
In rm — In rf

For maximum resolvability (and for minimum <Sf overlap­ping) the above quantity should be minimized. Thus, efforts to minimize the difference between r m and rb (the radial thickness of the lipoprotein layer) should be made, but unfortunately this also reduces the volume and quantity of the lipoproteins to be fractionated. For reasonable quantitative studies this volume need be in the order of 1 -2  ml. On the other hand, the difference between r m and n  can be maximized within the limitations of rotor design and available radial dimensions of the ultracentrifuge vacuum chamber. I t  would therefore be desirable to make the ef­fective radial flotation path as long as these considerations permit. Of course, for a given fractionation, a longer flotation path length necessarily requires a correspondingly longer time of centrifugation. For lipoprotein fractionation of the type being considered, our rotor, therefore, allows potentially more favorable centrifugal conditions, particu­larly in regard to the increased radial flotation path length.Thus, to achieve the most favorable accumulative rate separation of lipoproteins by flotation, a thin layer of lipoprotein solution should be layered in the bottom of a preparative tube containing an appropriate density gradient. Flotation should proceed until the desired Apoproteins (of a particular S i  class, say, S i  1590) have all just floated into a m i n i m u m  volume ( ~  0 .6  ml.) of solution at the meniscus. This layer is carefully removed with a capillary pipet after the centrifuge is stopped with minimum disturbance. For extensive subfractionation, the process is repeated several times, each time stopping the centrifuge when the desired lipoproteins of the next slower flotation rate have just entered the volume near the meniscus (as the result of the total accumulated ultracentrifugation). In calculating equivalent S t  values for the fractionated lipoproteins, ac­count must be taken of viscosity and solvent density and their changes within the region of the salt gradient over which the flotation occurs. In the present case the lipo­protein hydrated density must be estimated in order to make such calculations. Thus, during the fractionation (at 20°), an S i  1590 lipoprotein would actually migrate at a mean rate of approximately 1070 svedbergs of flotation over the radial path from r m to n , .In the present study, we are presenting a somewhat simplified rate separation procedure that achieves fractiona­tion of three subfractions from a S i  20-106 lipoprotein spec­trum previously isolated5 by angle head preparative ultra­
(15) O. deLalla and J. Gofman, in “Methods of Biochemical Analy­

sis,” Vol. I, D. Glick, ed., Interscience Publishers, Inc., New York, 
N. Y., 1954, p. 459.

(16) Wherever the symbol Si without a subscript is used in this paper 
it refers to flotation in a NaCl solution of p = 1.063 at 26°.

Fig. 3.—NaCl gradient showing position of layered S t  20-106 lipoprotein fraction. Stability of salt gradient is illustrated by the indicated salt reference gradient deter­mined after each run. Above is shown for each run the radial paths over which lipoprotein fractionation occurs. Thus, for fraction I, n v  rb, and r m determine the radial paths over which 100% recovery of the S i  1590 lipoproteins and thresh­old recovery of the S t  1360 lipoproteins are anticipated. Equivalent up-to-speed time for runs I and II  were 2.24 and 18.07 hr., respectively.
centrifugation. There are two swinging bucket preparative runs of approximately 2 and 18 hours duration a t 9,500 r.p.m. (mean force of 8,860 X g ) .  These runs are directed toward the successive fractionation of approximately the 
S i  1360-105 and S t  131-1590 class lipoproteins. After removal of these two fractions, the total bottom fraction (of the last swinging-bucket run) is given a density increment by direct salt (NaCl) addition to achieve a density of 1.065 g./m l. and this total fraction is ultracentrifuged a t 40,000 r.p.m. for 8 hr. in a 40.3 angle rotor. This last run yields the total of the remaining smaller particle size S i  20-157 lipoproteins. Figure 5 illustrates the above indicated amount of overlap that may be anticipated by calculation in each of these fractions. In practice, however, there results a considerably greater overlap in S i  rate of each frac­tion.The technical details of setting up the NaCl gradient and layering the S t  20-105 lipoprotein fraction (adjusted to a background density of 1.063 g./m l.) into the bottom of the preparative tube are shown in Fig. 3. The gradient is set up by layering into the bottom of a 9 ml. preparative tube successively 1 , 2 , 2 , 2 , and 2 ml. aliquots of the indicated solutions of density 1.007, 1.011, 1.019, 1.026 and 1.063 g./m l., respectively, using a blunted spinal needle (no. 23) and a Hamilton 5-ml. capacity gas-tight syringe. The so­dium salt of ethylenediaminetetraacetic acid (EDTA) at 50 mg./liter is incorporated into each salt solution to mini­mize lipoprotein deterioration. Once formed, the NaCl gradient itself is surprisingly stable, although it is changing continuously with time during the run. In order to monitor densities, a NaCl reference gradient is made and centrifuged along with the lipoprotein-containing gradient solutions. Thus, it is possible to maintain control of solution back­ground densities and, following lipoprotein fractionation, to manipulate the densities of the solutions fractionated accurately to the reference density of 1.063 g./ml. All densities were determined to approximately ±0.0003 unit by refractometric measurements using an Abbe Precision refractometer.I t  is to be noted in Fig. 3 that the density gradient set up in the preparative tube is not linear, but is deliberately made abrupt in the region of the seventh ml. (in depth). This condition seems desirable since following layering and during the early phase of flotation, there develops a substan­tial lipoprotein gradient upward from the layered boundary. Since these lipoproteins are of from 0.92-1.00 g./ml. in hydrated density, they can give rise to a negative density gradient, which potentially might disturb the stability of the system. As the lipoproteins first move out from the layered region, this density gradient is steepest and is pro­portional to the concentration gradient itself. In the later
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Fig. 4.—Ultracentrifugal schlieren photographs of the parent S t  20-106 lipoprotein fraction (serum sample I) and sub­fractions I, II, and III. Approximate concentrations for each fraction from top to bottom were approximately 4, 6 , IS, and 16 Co (Co referring to initial serum concentration). Samples were ultracentrifuged in a 4-place analytical rotor at a tempera­ture of 26.0°. An acceleration time of approximately 5.20 min. was required to achieve full speed (52,640 r.p.m.).
Sf 20-105 LIPOPROTEIN SUBFRACTIONATION 
Flotation rate (Sf)

10® 104 103 400 200 100 50 20 0

Fig. 5.—Schematic comparison of ideal rate separation anticipated with actual fractionation achieved (Sample I).

Fig. 6 .—Sf rate v s . lipoprotein hydrated density.
phases of flotation, as the lipoproteins migrate into the top region of the preparative tube, this lipoprotein concentra­

tion gradient is progressively reduced and may ultimately be reversed. Thus, at the end of the first run (2 hr.) the 
S t  1590-10* lipoproteins have all theoretically migrated to the top of the preparative tube, yet there remains a “nega­tive” lipoprotein density gradient as the result of an in­crease in lipoprotein concentration with depth. Without the salt gradient to stabilize the system, serious convective disturbances would result. After the second run (18 hr.), the S i  131-1590 lipoproteins have floated to the top and there remains a relatively subtle S t  20-157 lipoprotein gradi­ent tha t may be either slightly negative or positive depend­ing upon the depth in the preparative tube.

Results and Discussion
Si 20-106 lipoproteins (Samples I and II) were 

fractionated from sera prepared from non-fasting 
blood of two normal males aged 37 and 46 years, 
respectively. Ultra centrifugal schlieren photo­
graphs for the three subfractions as well as from the 
parent S{ 20-105 lipoprotein fraction (serum sample 
I) are shown in Fig. 4. It is readily seen that 
fraction I contains no ultracentrifugally resolvable 
lipoproteins, indicating the absence of lipoproteins 
of flotation rate less than approximately Sf 800 
(above Si 800 lipoprotein turbidity effectively pre­
vents visualization on the schleiren photographs). 
Although differing markedly in lipoprotein distri­
butions, fractions II and III show considerable over­
lap, particularly in the range of Si 25 to <Sf 150. 
Notwithstanding this imperfect fractionation, it 
appears that a practical degree of subfractionation 
has been achieved. For evaluation, Fig. 5 com­
pares schematically fractionation anticipated (by 
calculation) under ideal conditions with the frac­
tionation actually achieved. Fractionation was 
performed on another Si 20- 10® lipoprotein prepara­
tion (Sample II) with similar results. It would 
appear that improvement in fractionation might be 
achieved by slight alteration of the salt gradient 
shown in Fig. 3. Thus, if in the region of the 
seventh ml. (in depth) two 0.5 ml. volumes of salt 
solution of approximate density 1.030 and 1.045 
g./ml. were introduced, a more favorable gradient
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might be obtained resulting in greater stability, 
particularly during the early phase of flotation. 
Ideally, a gradient machine17 might be usefully 
employed to optimize the entire gradient.

An t]S vs. p study was made on subfractions II 
and III isolated from both parent Sf 20-106 lipo­
protein samples. Due to the limited amount of 
lipoprotein, these studies included only two points 
at densities of approximately 1.063 g./ml. and 1.031 
g./ml. The resultant hydrated densities obtained 
are shown in Fig. 6. which also shows earlier data7'11 
of hydrated densities determined on isolated sub­
tractions of the S[ 0-20 lipoprotein class. Thus, 
from these combined data, it is now possible to 
estimate with some accuracy the hydrated density 
of any low-density serum lipoprotein within the en­
tire Sf 0-400 class.

Another consideration is, of course, the lipid 
chemical composition of these sub-fractions and a 
comparison with the composition of the parent Sf 
20-105 fraction. A preliminary lipid chemical 
analysis by infrared techniques18 has been made on 
the subfractions of Sample I and the data are pre­
sented in Table I. It is seen that the glyceride con­
tent increases significantly with increasing St rate. 
Other features of composition shift include a sharp 
drop in cholesterol and phospholipid content with 
increasing Si rate. Detailed fatty acid data have 
been determined and shall be reported elsewhere19 
on all chemical fractions of each lipoprotein sub­
fraction. Preliminary results suggest some dif­
ferences in the fatty acid distribution obtained 
from the glyceride, cholestcryl ester, and phos­
pholipid fractions. These glyceride data are con­
sistent with dietary and fat ingestion studies20'21 
which indicate a marked influence of the recently

T able  I

Cholestcryl esters
Parent Si 

20- 10s
10 .0

Fraction
III

19.4
Fraction

II
9.0

Fraction
I a

c a .  19
Unesterified choles­

terol 13.3 1 1 . 1 9.2 c a .  4
Glycerides 51.1 49.0 64.0 c a .  08
Unesterified fatty 

acids 2 . 1 2.5 2 .8 c a .  2

Phospholipids 10.9 18.0 14.3 c a .  7
° Values uncertain because of the limited amount of total sample size (less than 0.5 mg.).
(17) N. G. Anderson, Rev. Sci. Instr., 26, 891 (1955).
(18) N. K. Freeman, F. T. Lindgren, Y. O. Ng, and A. V. Nichols, 

J. Biol. Chem., 227, 449 (1957).
(19) A. V. Nichols, F. T. Lindgren, and R. D. Wills, in preparation.
(20) J. H. Bragdon and A. Karmen, J. Li-pid Res., 1, 167 (1960).
(21) A. V. Nichols, C. S. Rehnborg, F. T. Lindgren, and R. D. Wills, 

ibid., 3, 320 (1962).

absorbed fat on the composition of the Sf 20-106 
lipoproteins.
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DISCUSSION
R . T kautman (Plum Island Animal Disease Laboratory, USDA).—Would you, and perhaps Dr. Anderson, care to straighten out the terminology involved in these rate and isodensity procedures?
F. T. L indgken .—Yes, I will try. First of all, the sub­fractionation of the St 20-105 lipoproteins as presented here is on the basis of differences in flotation rate. The gradient is utilized only for stabilizing the flotation system and to prevent the occurrence of density inversions within regions of the preparative tube during lipoprotein flotation. By collecting s u c c e s s i v e  fractions of lipoproteins at the top of the preparative tube, fractionation over essentially the full radial path of the fluid column is utilized. If only a s i n g l e  rim were made, and the entire contents of the preparative tube were fractionated, greater overlapping of the sub­fractions would be anticipated. It is with these considera­tions that the term “accumulative (flotation) rate separation” is employed. In contrast, fractionation by differences in sedimentation rate over a density gradient (rate zonal centrifugation) usually is employed for mixtures of discrete molecular or particulate entities and this is accomplished during a s i n g l e ,  critical preparative run (ref. 9). The indi­vidual molecular species separate on the basis of their dif­ferent sedimentation rates during such a single run into zones at various depths in the preparative tube. The strictly analogous sedimentation procedure (to our presentation) would be to make s e v e r a l  preparative runs, and after the con­clusion of each one, to collect successive fractions from the bottom of the preparative tube. Although this might be technically difficult, I believe it was suggested as one varia­tion of “gradient differential centrifugation” by Dr. Ander­son (ref. 10). Isodensity centrifugal procedures, of course, involve a s i n g l e  preparative run in which the density of a region within the preparative tube is appropriately adjusted or becomes equal under the conditions of centrifugation to the density of the molecules or particles being fractionated. Ideally, centrifugation proceeds until only those molecules or particles desired are found within the region of the prepar­ative tube where the densities of the solution and particles are equal.
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STUDIES ON BISMUTH ALLOYS. I. LIQUIDUS CURVES OF THE 
BISMUTH-COPPER, BISMUTH-SILVER, AND BISMUTH-GOLD SYSTEMS1

By M arcel W. N athans and M arjorie Leider

L a w r e n c e  R a d i a t i o n  L a b o r a t o r y ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  L i v e r m o r e ,  C a l i f o r n i a  
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The liquidus curves of the Bi-Cu, Bi-Ag, and Bi-Au systems were redetermined by a sampling method. The Bi-Ag curve was somewhat shifted from the previously determined location. The eutectic was found at 262.5 ±  0.2° at 4.95 ±  0.05 atom % silver (2.62 wt. %). The Bi-Cu liquidus agreed fairly well with Kleppa’s data over the range investigated by him. The eutectic was determined to be at 270.6 ±  0.1° at 0.46 atom % copper (0.14 wt. %). The Bi-Au liquidus did not agree well with the few experimental data available. Below the periteede temperature, a completely new liquidus curve was established. The peritectic was found at 371 ±  2° by means of differential thermal analysis, the composition being 23.1 atom % gold (24.1 wt. %). The eutectic is at 13.4 ±  0.2 atom % gold (14.1 wt. %) at 241.5 ±  0.5°. The heats of fusion of the four elements agreed reasonably well with the literature values, except that of bismuth. The results show that the sampling method is, for many cases, well adapted for the determination of liquidus curves.
Introduction

During an investigation of the distribution of 
small amounts of ternary additions to binary 
systems involving bismuth, it was found that 
liquidus data were obtained which differed from 
those reported in the literature. It was, therefore, 
considered useful to examine the systems involved 
in more detail. We are reporting here the results 
of our liquidus determinations of the binary 
systems of bismuth with copper, silver, and gold.

These three systems were investigated many 
years ago by thermal analysis. The results are 
summarized by Hansen and Anderko.2

The Bi-Cu system has been investigated by 
Jeriomin,3a Hiorns,3b Portevin,4 and Heycock 
and Neville,6 as well as by Kleppa6 and others. 
Although the oldest, Heycock and Neville’s work 
stands among the most precise thermal analyses 
ever done. Unfortunately, their investigations 
cover only very dilute solutions, and their materials 
did not always have the purity available today.

Kleppa used a sampling method which was quite 
adequate, but he, too, did not cover the complete 
liquidus range. Among the various determinations 
by thermal analysis, the work of Jeriomin and 
that of Heycock and Neville are the most consistent. 
Kleppa’s data do not agree entirely with those of 
Jeriomin. The sampling data lie above Jeriomin’s 
liquidus.

The eutectic point has been reported at about 
0.6° below the melting point of bismuth and at 
about 0.7 atom %  bismuth by Heycock and Ne­
ville,7 and at 0.48 atom %  bismuth by Kleppa.6

The Bi-Ag liquidus has been investigated by 
Heycock and Neville6'7-8 and by Petrenko.9 Only 
the latter author covered the entire liquidus range. 
Recently a portion has been examined by Kleppa.10

(1) This work was performed under the auspices of the U. S. Atomic 
Energy Commission.

(2) M. Hansen and K. Anderko, “ Constitution of Binary Alloys,“ 
2nd edition, McGraw-Hill Book Co., New York, N. Y., 1958.

(3) (a) K. Jeriomin, Z. anorg. Chem., 55, 412 (1907); (b) A. H. 
Hiorns, Trans. Faraday Soc., 1, 179 (1905).

(4) A. Portevin, Rev. Met., 4, 1077 (1907).
(5) C. T. Heycock and F. H. Neville, Phil. Trans. Roy. Soc. (Lon­

don), A189, 46 (1897).
(6) O. J. Kleppa, J. Am. Chem. Soc., 74, 6050 (1952).
(7) C. T. Heycock and F. H. Neville, J. Chem. Soc., 61, 893 (1892).
(8) C. T. Heycock and F. H. Neville, ibid., 65, 73 (1894).
(9) G. I. Petrenko, Z. anorg. Chem., 50, 136 (1906).
(10) O. J. Kleppa, J Phys. Chem., 60, 446 (1956).

Petrenko reports a eutectic at 262° and 95.3 
atom %  bismuth.

The Bi-Au system was investigated by Vogel,11 
who reported a eutectic at 240° and 81.1 atom %  
bismuth. Later, an incongruently melting com­
pound, Au2Bi, was found by de Haas and Jur- 
riaanse.12 The peritectic was stated to be at 
373°.13 The fact that Vogel did not observe the 
peritectic can be explained by the small number 
of his data and the apparent sluggishness of the 
formation of Au2Bi.

The method which we have used consisted of 
sampling the liquid phase and analyzing the 
sample. In a few cases sampling yields liquidus 
curves which coincide with curves obtained from 
thermal analysis. Generally, however, curves 
obtained by sampling lie higher than those ob­
tained by thermal analysis. (See, for example, 
a number of cases cited by Nathans.14) The 
sampling method yields more reliable data because 
it is a direct measurement under equilibrium con­
ditions, provided that the existence of equilibrium 
can be ascertained and that a clear separation of 
the two phases can be effected.

Experimental
Equipment.—The apparatus was a stainless-steel furnace tube with a gas inlet at the bottom, a cooling coil at the top, a flanged head having an opening for a stirrer, a thermo­couple well, and a sampling tube. All seals were made by means of O-rings or garlock gaskets. Sampling was done with 2- or 3-mm. i.d. Pvrex or quartz tubes with a piece of porous graphite (National Carbon Co. grade 40) press-fitted into one end to serve as a filter. The sampling tube was in­serted into the melt by first passing it through a piece of glass tubing fitted a t the top with a rubber cap and a t the bottom with a ground glass ball joint. This assembly was attached directly to the furnace sampling tube, which was provided with a ball valve, so that the furnace atmosphere could always be kept isolated. A Norton high-purity alu­mina crucible contained the melt. The crucible was located inside a graphite secondary with a heavy graphite top as an oxygen getter. The top had suitably located holes for the stirrer, etc. The furnace assembly w'as inserted in a Kanthal- wound Hevi-Duti clam shell type furnace, 3-in. i.d. and 18- in. long, placed on end. Provisions were made to evacuate or pressurize the furnace or the sampling tube.Temperatures were measured with a P t-P t (10% P li) thermocouple with its cold junction in an ice bath. The thermocouple was calibrated at the melting points of copper, aluminum, zinc, lead, and tin (NBS certified), and at the
(11) R. Yogel, Z. anorg. Chem., 50, 145 (1906).
(12) W. J. de Haas and F. Jurriaanse, Naturwiss., 19, 706 (1931).
(13) F. Jurriaanse, Z. Krist., 90, 322 (1935).
(14) M. W. Nathans, AEC Kept. No. ANL-5753, July, 1957.
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boiling points of p-dichlorobenzene and water. The cali­bration was checked periodically, but no change greater than 0.2 nv. was observed. The temperatures were read to 0.1° with a Rubicon model 2745 potentiometer.Procedure.—Weighed amounts of each of the two com­ponents whose binary liquidus was to be determined were placed in the crucible. The total weight in each case was 400-500 g. In a number of experiments, about 60 to 100 mg. of a ternary addition was present as a radioactive tracer so that data of the type described in a subsequent article15 could be obtained simultaneously. The effect of this small amount of impurity on the binary liquidus is negligible. About five separate overlapping runs were made to define each curve. This was necessary because sampling became impossible when about a third of the total had precipitated. After loading and emplacement, the furnace was flushed with high-purity nitrogen. Throughout an experiment, the pressure in the furnace was kept about 250 mm. above atmospheric with nitrogen in order to impede the diffusion of small amounts of air through small leaks. The Bi-Cu and Bi-Ag melts were stirred with a tungsten rod flattened at the lower end. Stirring was usually continued during sam­pling. Bi-Au melts were agitated periodically with the ther­mocouple well to prevent pick-up of the stirrer metal by the melt. Agitation by gas bubbling through a tube was tried, but later abandoned because the bubbling rate was difficult to control. _ Although no record w’as kept of whether the melt was stirred during sampling or not, it was concluded from plots of the data that it did not matter. No particles passed the filter to a detectable degree. This also was checked on several occasions by taking a sample without filter after a suitable settling period.The charge was generally heated to about 100° above the estimated liquidus temperature and kept there for at least 30 min. One or two samples were taken to check the composi­tion of the melt. Further samples were taken at successively lower temperatures by pressurizing the melt, by suction on the sampling tube, or both. The temperature was held con­stant for about 15 min. before sampling. Control of the sam­ple size usually was poor. Most sample weights varied be­tween 5 and 15 g. The sample size usually became smaller when a large amount of precipitate had formed. This prob­ably was caused by the increased viscosity of the mass. Following a series of samplings during cooling, a few points were obtained by reheating the melt. In every instance these_ points fall on the curve obtained from a cooling cycle, showing the existence of true equilibrium. This also was con­firmed by a few samples taken after varying periods of con­stant temperature.Experiments in the Bi-Cu and Bi-Ag systems above 600° were carried out under a layer of purified flake graphite as additional insurance against oxygen pick-up by the melt. In these experiments, it often was impossible to obtain good samples, probably in part because the filter became clogged when the sampling tube passed through the graphite layer. Sometimes the filter could be reopened, however, by blowing nitrogen through it prior to sampling.A few points also were obtained by thermal analysis, either before or after a series of samplings. Cooling curves were determined at a cooling rate of about 2-3°/min.Analytical.—In each case, the entire sample was dissolved in either 8 to 10 A1 H N 0 3 or in aqua regia (when gold was pres­ent). The samples were analyzed for both components except when a large excess of one interfered with the analysis of the other.Bismuth was determined by titration with EDTA (about 0.1 N ) .  Aliquots containing about 20 mg. of bismuth were added to a solution having a pH less than 2, and containing a few grams of thiourea as indicator and complexing agent. The titrations were carried out at a pH between 2.1 and 2.4. The accuracy was quite sensitive to the pH.Copper was determined electrolytieally after a separation from bismuth. This separation was done by carefully neutralizing the solution with ammonia to a pfi of 6 to 7, followed by the addition of ammonium carbonate to prevent the co-precipitation of the copper with the bismuth hydrox­ide, and filtering. A complete separation from bismuth can be effected by redissolving the precipitate in nitric acid and treatment with ammonium hydroxide and ammonium carbonate, a second and a third time.6In later samples, copper was determined spectrophoto-
(15) M. W. Nathans and M. Leider, to be published.
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Fig. 1.—Liquidus of the bismuth-copper system.
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Fig. 2.—Liquidus of the bismuth-silver system.
metrically with a Cary recording spectrograph. The 807 m/x band was found suitable. Bismuth did not interfere, but the intensity was dependent upon the nitric acid con­centration. The acid variation was held small, however, by diluting a suitable aliquot with a 40-fold volume of 2 IV nitric acid in a volumetric flask. The effect of dust particles in the acid was eliminated by letting the solutions stand over­night and transferring their to the cells with a transfer pipet.Silver was determined electrolytieally in an ammoniacal solution from its EDTA complex. Bismuth did not inter­fere. Gold was determined coulometrically with a con- trolled-potential coulometer.16All analyses had a precision of better than ± 1% . Mate­rial balances were, in all but a few isolated cases, between 99 and 100.5%.Materials.—Bismuth: 99.999% pure droplets from Ameri­can Smelting and Refining 3o., m.p. 271.4°. The major impurity is 0.0001-0.001 % Mg. Copper: OFHC copper from stock, m.p. 1083°. The major impurity is 0.0001- 0.001 % Ag. Silver: 99.99% pure needles from Fairmont Chemical Co., m.p. 961°. The major impurities are 0.001- 0.01% Cu and 0.0001-0.001 %  Mg. Gold: 99.95% pure scrap from stock. The maior impurities are 0.003-0.03% Ag, 0.003-0.03% Pd, 0.001-0.01% Pb, and 0.001-0.01% Cu.

Results and Discussion
The results are shown in Fig. 1-3, the curves 

having been drawn from our data alone. Rather 
than tabulating our actual experimental data,

(16) J. E. Harrar and F. B. Stephens, J. Electroanal. Chem., 3, 112 
(1962).
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Fig. 3.—Liquidus of the bismuth-gold system.
we show in Tables I through III data as read from 
the smoothed curves before reproduction. We 
also have indicated the mean deviation of the 
experimental data from the curves.

T able I
Smoothed L iquidus D ata for the Cu-Bi System"

Temp., °C. Atom % Cu Temp., °C. Atom % Cu
1083 100 650 15.5
1070 98.95 600 1 1 . 1
.1050 97.35 550 7.3
1025 95.2 525 5.9
1000 92.7 500 4.76
975 89.0 460 3.53
950 83.6 440 2.95
925 77.5 420 2.44
900 70.7 400 2.03
875 63.4 380 1.65
S50 56.2 360 1.35
825 49.3 340 1.08
800 43 0 320 0.74
775 36.9 300 0.56
750 31.4 280 0.50
725 26.5 270. Gb 0.46
700 2 2 .1 271.4 0 .0 0

° Standard deviation: 0.2! atom %, 450- 700°; 1.4 atom
„  700-1083°. b Eutectic, ± 0 .1 °.

T able  II
Smoothed L iquidus D ata for the Ag--Bi System“

Temp., °C. Atom % Ag Temp., "C. Atom % Ag
961 100 460 53.1
950 99.1 450 50.0
925 94.9 430 42.4
S50 90.8 420 38.3
800 86.7 410 34.7
750 83.2 400 31.0
700 80.1 390 27.2
650 76.6 380 23.7
600 72.6 360 17.6
575 70.2 340 13.25
550 67.6 320 10.05520 63.9 300 7.77
500 61.1 280 6.08480 57.9 270 5.42

262. bb 4.95
0 Standard deviation: 0.3 atom % ,  260- 400°; 0.1 atom,, 400-960°. b Eutectic.

T able  III
Smoothed L iquidus D ata  for the Au-Bi System"

ip., °C. Atom % Au Temp., °C. Atom % Au
1063 100 450 41.2
1050 98.8 400 35.9
1000 94.5 371 33. C
950 90.4 350 27.0
900 86.4 325 23.0
850 S2.5 300 19.8
800 78.5 270 16.4
750 74.4 241. Ie 13.2
700 69.9 250 10 .0

650 64.6 260 6 .0

600 59 0 270 0.9
550 52 9 271.4 0

500 46 7
“ Standard deviation: 0.3 atom %, 240-371°; 0.5 atom %, 371-700°; 0.2 atom %, 700-1065°. b Peritectic. 'E u ­tectic, ±0.3°.
The few points obtained during reheating agree 

well with those obtained during cooling. A small 
number of points obtained by thermal analysis 
deviate little from the curves.

It appears that at higher copper contents the 
copper precipitate is rather fine and does not 
settle rapidly. Samples were taken without a 
filter from a composition containing about 95% 
copper. The analyses showed too high a copper 
content, which indicates poor phase separation, 
so that the use of a filter is necessary.

In the gold-bismuth system, the sampling data 
near the peritectic were quite erratic. Our 
explanation is that the rate of formation of the 
compound is slow, and that there is still some 
tendency for pure gold to precipitate as a meta- 
stable phase. This could explain why Vogel did 
not observe the change in slope of the liquidus.11

An attempt was made to obtain sampling data 
on the bismuth-rich side of the silver-bismuth eu­
tectic. We obtained only one point by sampling 
but were able to get two points by thermal analy­
sis. We feel that this was sufficient to establish 
this part of the liquidus to about 5%  relative to 
the silver content. The eutectic data are the 
average of three separate experiments, including a 
determination from the bismuth-rich side in the case 
of Bi-Ag.

The Au-Bi peritectic can be established by the 
intersection of the two parts of the liquidus. 
It was determined separately, however, with a 
sample containing about 80 wt. %  Au2Bi and 20% 
gold. This sample was obtained by treating an 
ingot originally containing about 50% gold with 
8 N  nitric acid thus removing the excess bismuth. 
It was subjected to differential thermal analysis 
with aluminum powder as the inert in a dynamic 
argon atmosphere and at an upheat rate of 10° /  
min. Figure 4 shows this record. Concurrently, 
the temperature of the sample was measured with 
a potentiometer. The peritectic was established 
at 371 ±  2°.

The agreement of our liquidus curves with the 
older data is fair to poor, but is good with Kleppa’s 
data for the Bi-Cu and Bi-Ag systems. The 
validity of our datr, was checked by calculating
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the heats of fusion from the terminal slope of a 
log (atom %  solute) vs. l/T  plot. We estimated 
the distribution coefficient of Bi between solid and 
liquid Ag as 0.1 from the data given by Hansen 
and Anderko.2 Solid solubility was neglected in 
the remaining cases. Table IV shows a comparison 
between our calculated values and those chosen 
by Hultgren from heat content measurements.17 
The data agree well, except for bismuth. This 
may warrant further investigation.

T able  IV
H eats op F usion op Cu, Ag, Au, and Bi

Element Cu Ag Au Bi
AH ma caled. 2940 2780 2870 3130*
AH m°  lit. 3120 2855 2955 2600

“ Calories per gram atom. h Average of values 3100, 3300, and 3000 from the Cu-Bi, Ag-Bi, and Au-Bi systems, re­spectively.
Acknowledgments.— We wish to acknowledge 

the valuable help and suggestions afforded us by
(17) R. Hultgren, Project Supervisor, “ Selected Values, Thermo­
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Minerals Res. Lab., University o f California, 1956.
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Fig. 4.—Differential thermogram of AuiBi.
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DIFFUSION IN AN IDEAL MIXTURE OF THREE COMPLETELY MISCIBLE 
NON-ELECTROLYTIC LIQUIDS—TOLUENE, CHLOROBENZENE,

BROMOBENZENE
B y  John  K  B urchard  and  H. L. T oor
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A modification of the diaphragm cell method has been used to investigate isothermal diffusion in the thermodynamically near ideal liquid system, toluene-chlorobenzene-bromobenzene. Measurements of the binary diffusion coefficients were carried out on the borders of the ternary system. The diffusion coefficients of the systems toluene-chlorobenzene and bromobenzene-chlorobenzene agreed with measurements made elsewhere and the diffusion coefficients of all three binary systems are linear in mole fraction. In the ternary system the difference between the binary diffusion coefficients of any two dilute species in a third species is small. The ternary system was studied at six points covering the whole concentration range. The results are fairly well described by a modification of the diffusion equations for ideal, multicomponent gas mix­tures. I t  is shown from the phenomenological equations that in the absence of cross diffusion coefficients the main co­efficients are equal. This is approximately true in the system studied, for the cross diffusion coefficients and the differences between the main diffusion coefficients are an order of magnitude less than the main diffusion coefficients. Consequently, one diffusion coefficient will give an adequate description of this ternary system under most conditions. This diffusion co­efficient is found to be simply the molar average of the binary diffusion coefficients at infinite dilution.
Introduction

The relationship between the concentration 
gradients and diffusion fluxes in systems of more 
than two components is of considerable practical 
as well as theoretical interest. Although in suffi­
ciently dilute systems Fick’s Law as applied to each 
species may satisfactorily describe the diffusion 
process, recent work using the Gouy interferometer 
has shown that equations which account for inter­
acting flows generally are needed. Such work1-9

(1) D. M. Clarke and M. Dole, J. Am. Chem. Soc., 76, 3745 (1954).
(2) R. L, Baldwin, P. J. Dunlop, and L. J. Gosting, ibid., 77, 5235 

(1955).
(3) P. J. Dunlop and L. J. Gosting, ibid., 77, 5238 (1955).
(4) H. Fujita and L. J. Gosting, ibid., 78, 1099 (1956).
(5) P. J. Dunlop, J. Phys. Chem., 61, 994 (1957).
(6) P. J. Dunlop, ibid., 61, 1619 (1957).
(7) P. J. Dunlop, ibid., 63, 612 (1959).

has been concerned with aqueous solutions with 
one or both solutes electrolytes or sugars, and us­
ually one or both of the solutes has been relatively 
dilute.

One very interesting class of multicomponent 
systems which has not been studied is that which is 
made up of completely miscible non-electrolytic 
liquids. In these systems the diffusion may be 
studied over a composition range which includes all 
ternary and binary combinations of the components, 
and the object of the present study is to determine 
the rates of diffusion in a ternary system of this 
type as functions of the concentrations and concen-

(8) I. J. O 'Donnell and L. J. Gosting, “ The Structure o f Elec­
trolytic Solutions,”  John W iley and Sons, New York, N. Y ., 1957, 
Chapter 11.

(9) F. E. Weir and M , Dole, J. Am. Chem. Soc., 80, 302 (1958).
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tration gradients over the complete range of com­
positions.

The phenomenological equations for a ternary 
system may be written in the form2

Ji =  -  E  A ;  VC;, i =  1,2 (1)
i = l

and Zbi approach zero and D a approaches the bi­
nary coefficient for dilute i in 3, T>i3°, i =  1,2. Thus, 
from eq. 1 and 2

Lim J; =  -  Dis0 VCi, i =  1,2 (5)
C\ -*  0 
A -+ 0

where J; is the flux with respect to a coordinate 
moving at the volume average velocity, vC; is the 
concentration gradient of species i, and the A j are 
the multicomponent diffusion coefficients. The 
flux and gradient of the third species are not inde­
pendent quantities and are not included in the above 
equations. In this study, unlike earlier ones,1-9 
there is no distinction between solutes and solvent, 
so species 3 is arbitrary. The equation for this 
third species can be derived from eq. 1 and, if there 
is no volume change on mixing, it may be written in 
the form

J , ,  \ (z>„ a « )  *1 +
V 3 2^3

A : D,
Vl

' V2

VCi -

VC3 (2)

where the Vi are the partial molal volumes.
Although the above equations contain four dif­

fusion coefficients, the Onsager reciprocal relations 
indicate that only three are independent,10

Consider now a ternary system in which the cross 
diffusion coefficients, A ;, i ^  j, of all species are 
assumed to be zero so that

J; =  D a; VCi, i =  1,2,3 (3)
Since the first bracket in eq. 2 is a cross diffusion 
coefficient, and since species 3 is arbitrary, it fol­
lows from eq. 1 and 2 that the main diffusion co­
efficients are all equal

Dn =  A  2 =  A  3 =  D* (4)
Thus, zero cross coefficients imply equal main 
coefficients and vice versa.n It follows from eq. 1 
and 2 that the complement of the above statement 
is also true; non-zero cross coefficients imply un­
equal main coefficients and vice versa.12

Although one might expect the above behavior in 
ideal systems,13 it is desirable to have some criterion 
(other than “ near”  ideality) concerning the condi­
tions under which eq. 3 and 4 might approximate 
real systems.

To this end, consider a ternary system in which 
cross diffusion coefficients are not assumed to be 
zero, but the concentrations of species 1 and 2 are 
allowed to approach zero together, The equations 
for these species should then reduce to the binary 
form since there should be no interactions between 
two sufficiently dilute species. It follows that Du

(10) L. Ong^ger, Ann. N. Y . Acad. Sci., 46, 241 (1945).
(11) In a, dilute system (dilute 1 aijd 2 in 3), Dn and D21 inay a,pr 

proach zero although Dn D22 but, as shown later, species 3 will then 
have a non-zero cross coefficient.

(12) These results may be generalized to systems of more than three 
components.

(13) Onsager and Fuoss [L. Onsager and R. M. Fuoss, J. Phys. 
Chem., 36, 2689 (1932)] suggested that cross diffusion coefficients 
would be negligible in ideal systems.

Lim J3 = (®i3° 
(\ 0 
c*-*- 0

2323°) -  V C I -  
03

3j 23° V C 3 ( 6 )

Clearly eq. 3 and 4 are valid at this limit only if 
33i3° =  D230. Since each species in turn can be 
considered to be species 3, it is concluded that atleast 
at the corners of the concentration field, the neces­
sary and sufficient condition for the absence of cross 
coefficients and equality of the main coefficients is 
that13

A ; 0 -  £>k;° =  0 ;  i, j, k, =  1 ,2 ,3  (7 )
j  ^  i,k

Although this condition may be strictly valid 
only in systems in which all species have identical 
properties, i.e., in an ideal system, a real system 
can approximate the simple behavior of eq. 3 and 
4 only if the left side of eq. 7 is small compared to 
the £>ij0-

The Onsager reciprocal relationships yield an 
expression relating the A j ,14 and for ideal systems 
of constant molar density it reduces to the simple 
form

Dn +  (1 +  [xz/XiYjDn — A 2 +
(1 +  [xi/xi\)Du (8)

where the Xi are mole fractions. This equation 
also indicates that the main coefficients are equal 
when the cross coefficients are zero.

Choice of System.— It is logical to choose as the 
first system for study one which approaches the eq. 
7 condition. The system toluene-chlorobenzene- 
bromobenzene exhibits this behavior. In addition, 
the binary diffusion coefficients of two of the three 
binary pairs have been measured accurately over 
the complete concentration ranges and found to be 
close to linear with mole fraction.16

The materials used were Fisher certified reagents. 
Analysis by gas chromatography showed negligible 
impurities.

Experimental
The diaphragm cell method was used in this study. Pre­liminary studies of the binary systems bromobenzene- chlorobenzene and toluene-chlorobenzene were first carried out in order to compare the diffusion coefficients obtained by this method to those obtained by Caldwell and Babb15 by a different technique. Following this, the third binary pair, toluene-bromobenzene, was studied in order to complete the mapping of the diffusional behavior on the borders of the ternary field.The diaphragm cell was patterned after tha t used by Trevoy and Drickamer.16 The diaphragm was Pyrex fritted 14 15 16
(14) D. G. Miller, J. Phys. Chem,., 63, 570 (1959).
(15) C. S. Caldwell and A. L. Babb, ibid., 60, 51 (1956).
(16) D. J. Trevoy and H. G. Drickamer, J. Cham, Phys., 17, 1117 

(1949).
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glass, porosity M , with Teflon stopcocks in the capillary 
tubes. The chamber volumes were about 25 ml. and the dif­
ference between the volumes of the chambers in a cell was 
less than 1.5 ml.

The working equation for the diaphragm cell with a binary 
system is17

where

and

=  i  , a c v >
-  s w  (9)

»12 =  \/t f Q‘ T>J2(/.) (\t (10)

_ 1 /* (Ji~R
®12(i) = C v ^ C r l  J cl ®“(C,>)dC'i (ID

The superscripts refer to initial and final concentrations and 
the subscripts to left and right hand bulbs. For equal bulb 
volumes and a linear dependence of £>12 on concentration, 
SD12 is the differential coefficient at the arithmetic average 
composition.^Since this composition does not change with 
time, 3l)i2 =  ©12.

The cell factor, (3, was found by calibrating with 0.5 N 
HC1 diffusing into water at 25°. The valueof 3.078 X 10~ 5 
cm.2/sec. from Stokes’ data18 19 was used for 3Di2 in eq. 9. The 
results of several replicas were: 0 (cell 1) = 0.2038 ±  0.0013 
cm ."2; 0 (cell 2) =  0.2079 ±  0.0015 cm ."2.

The organic solutions to be used as initial charges to the 
two chambers were weighed to the desired compositions. 
The left chamber was completely filled and rinsed with Cl0 
by introducing the solution through one tube and taking the 
overflow through the second tube. The stopcock on the 
overflow tube was then closed and a vacuum applied to the 
other chamber pulling Cl° through the diaphragm. Vigor­
ous flushing of the diaphragm to dislodge bubbles in the pores 
was continued for several minutes.

The cell was inverted, and the right chamber drained. 
The cell was then righted, and the solution Cr° was charged 
to the right chamber, filling through one tube and rinsing by 
overflowing through the second tube.

All four stopcocks were then closed and the cell was placed 
in a water bath maintained at 29.6 ±  0.03° for the pre­
liminary diffusion period of four hours which is required to set 
up the quasi-steady state concentration profiles in the dia­
phragm. 18

At the end of this period, the cell was removed from the 
bath and each chamber was drained separately, rinsed, and 
filled by gravity with fresh charges of the original solutions. 
The cell was then returned to the bath for a diffusion run of 
approximately one day. Several replicas were made of each 
run.

It was found that reproducible results could be obtained 
only with the diaphragm horizontal as indicated by Stokes19 
and with the denser solution on top . Under these conditions 
the diffusion coefficient was essentially independent of the 
initial concentration difference.

The final concentrations of the solutions drained from the 
cells were determined by gas-liquid chromatography, using 
a Beckman GC-2 instrument with helium as a carrier gas. 
A 14-ft. stainless steel ‘A in. diameter column packed with 
3%  by weight Silicone 550 (Dow Corning Corp.) on firebrick 
gave good resolution with a short elution time. The re­
corder was fitted with an integrator so that peak areas as well 
as heights could conveniently be used in the analyses.

Samples of the original charge solutions as well as a few 
specially prepared samples were used to calibrate peak height 
and area ratios as functions of mole fraction.

In analyzing an unknown sample, five determinations of 
height and area ratios were made and the corresponding 
mole fraction ratios were read from the calibrations and 
averaged.

With this method of analysis, the error in a mole fraction 
determination was usually less than y 2%  of the correspond­
ing mole fraction. Since these mixtures have essentially con­

(17) A. R. Gordon, A n n . N . Y . A ca d . S c i ., 4 6 ,  285 (1945).
(18) R. H. Stokes, J . A m . Chem . S o c ., 7 2 ,  2243 (1950).
(19) R. H. Stokes, ib id ., 7 2 ,  763 (1950).

stant molar densities (partial molal volumes constant and 
equal) the concentration ratic in eq. 9 is also a mole fraction 
ratio.

Binary Results
The bromobenzene-chlorobenzene and toluene- 

chlorobenzene systems were each investigated at 
mean concentrations of 5, 50, and 95 mole % , us­
ually with concentration differences of approxi­
mately 10 mole % . Since the results were in 
agreement,20 with the data obtained by Caldwell 
and Babb13 with a different technique, the cells 
were assumed to be reliable in this type of experi­
ment.

The toluene-bromobenzene system was investi­
gated at mean concentrations of 5, 35, 65, and 95 
mole %  toluene with initial concentration dif­
ferences of approximately 10 mole % . Four rep­
licas were run at each point and the results using 
the more precise peak height measurements are 
shown in Fig. 1. As in the other binary systems, the 
diffusion coefficient is linear with mole fraction. 
The 95% confidence envelope shows the results to 
be good to about ± 2%. The equation of the least 
squares line through the data is given on the graph.

The six dilute diffusion coefficients are shown in 
Table I. The predictions of the Wilke and Chang 
equation21 are also included for comparison. The 
values for c.hlorobenzene-bromobenzene and tolu­
ene-chlorobenzene are interpolated from Caldwell 
and Babb’s18 data and those for the third system 
are from the present measurements. It is seen 
that eq. 7 is approximately true. These values of 
Da0 are also shown at the comers of Fig. 2.

Ternary Equations fer a Diaphragm Cell.—As 
in the corresponding b nary development,17 it is 
assumed that (1) a quasi-steady state is obtained,
(2) the diffusion can be treated as if it were uni­
directional, (3) the diffusion takes place only in the 
fluid, (4) the volumetric average velocity within 
the diaphragm is zero, and (5) the contents of the 
constant volume bulbs are completely mixed.

With assumptions 1, 2, and 3, eq. 1 reduces to
2 dC-

J i = -  L  D;i — i  = 1,2 (12)
j= i  d z

Assumptions 1 and 2 also indicate that the J) are 
independent of z, so upon integrating from left to 
right

Jde =  t  Da AC; (13)
3 = 1

where A<7, =  Cjl — Cjr, 7e is the effective diaphragm 
length, and

A ;  = 1 f * *  Du- (Cu Ci) dCj (14)
CjR -  CjL JC‘h

From assumption (4) J\ is the flux with respect
(20) The 95% confidence limits on the individual replicas averaged 

±3 .6%  when peak areas were used and ±2 .3%  when peak heights 
were used. Since the average difference between the measured dif­
fusion coefficients and values interpolated from Caldwell and Babb’s 
data was 3.1% when peak areas were used and 2.0% when peak heights 
were used, there is no significant difference between the present 
measurements and those of Caldwell and Babb.

(21) C. R. Wilke and Pin Chang, A . I .  Ch. E .  J . ,  1, 264 (1955).
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x t , m o l e  FRACTION t o l u e n e .
Fig. 1.— Binary diffusion coefficients toluene-bromobenzene.

Fig. 2.— Main diffusion coefficients vs. concentration of tolu­
ene, chlorobenzene, bromobenzene.

=  -  A S  A i  AC,, i =  1,2 (16)
di j = i

where A is the same cell factor as in eq. 9.
All the assumptions except (2) have essentially 

the same justifications in multicomponent systems 
as in binary systems. Assumption (1) is valid with 
a properly designed cell, (3) with large enough pores 
in the diaphragm, (4) with a horizontal diaphragm 
and negligible volume changes on mixing, and (5) 
with mechanical or density stirring.17 The earlier 
binary experiments indicate that these assumptions 
are valid here.22 Assumption (2) has been shown 
to be unnecessary in binary systems23 and in a 
similar manner this assumption can be shown to be 
unnecessary in a multicomponent system when the 
diffusion coefficients are independent of concentra­
tion.

Since the A j can be made to remain essentially 
constant with time, eq. 16 may be treated as a set 
of two simultaneous linear equations and solved 
by elementary methods. The solution for AC) at 
time t is

AC, =  +  K iew , i,j =  1,2 (17)

where

H i  =  -  J -  [(Xb +  A D iO A C i0 +  d ^ iiA C i0]
¿(J

K i  =  A [(Xa +  S Â O A C ?  +  ¿sS iiA C i0]

— ~ (^n d~ Dis) +  a

Xb — — “  (A l ~F A 2) — v

Dv Di
D\%D<i

'A

These equations are transcendental in the dif­
fusion coefficients, but simple approximations 
which are valid in the present experiments are ob­
tained as follows.

From eq. 16

1 . A C i° 
fit n  A C i f

Dii +  Dii 7 Jo di, i, 3 =  1,2 (18)t J AC ; jV i

If at is small,24 exp (at) =  1 +  at. Equation 17 
then gives

to a coordinate fixed in the cell; so using assump­
tion (5)

t — —  —  dl7iL _  F r d(?jR 
‘ Ae df “  T e "d T  (15)

where V  is the bulb volume and A e the effective area 
of the diaphragm. Combining eq. 13 and 15

(22) Experiments with gases [J. B. Duncan and H. L. Toor, A . I -  
C h. E . J . , 8, 38 (1962)] indicate that assumption (1) will be valid in a 
ternary experiment if it is valid in a binary experiment.

(23) H. L. Toor, J . P h y s . C h em ., 64, 1580 (1960).
(24) The time scale of an experiment is set by the requirement that 

In (ACi0/A(?i*) in eq. 18 be large enough for accurate measurement. 
This requires fit to be of the order 104 sec./cm.2. Hence for at to be 
small, the cross diffusion coefficients and differences between the main 
diffusion coefficients must be small compared to the main diffusion 
coefficients.
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AC;
ACi

AC?
ACi0

1 +

1 +

-  Du

-  D ¡j

A C ? \

A C ?)
A C j°\

ACi0/

fit
i =  1,2

fit

(19)
Now if A C j°/A C i° is not large the variation of 

A C j/A C ; with time as given by eq. 19 is approxi­
mately linear, so if A C i0 is not small compared to 
A C 2° eq. 18 and 19 yield

AC?
AC?

D ll  +  Di2
ACA
a CxA

(20a)

where subscript a refers to the arithmetic average 
of the initial and final concentration differences. 
Similarly, if AC2° is not small compared to ACi0

which must be used in the two experiments will 
also depend upon the type of concentration de­
pendence chosen. These problems are avoided if the 
initial concentration differences are made small 
enough to keep the variation of the Da across the 
diffusion path small, for then the integral values 
may be assumed to be the point values at the arith­
metic average composition.26

Under these conditions the same “ mean”  con­
centration is obtained in two experiments with 
different concentration differences by making the 
initial arithmetic averages of the concentrations in 
the two bulbs the same in both experiments. 
The arithmetic mean concentrations will not change 
with time if the bulb volumes are equal and they 
change only a negligible amount if, as in these ex­
periments, the bulb volumes differ by a small 
amount.

In the system under study the partial molal 
volumes are all essentially equal so eq. 20c simpli­
fies to

I ,
fit AC?

— D%i +  T>22 (20b)

When the differences between the main diffusion 
coefficients and the cross coefficients are small com­
pared to the main coefficients, eq. 20 approximates 
eq. 17 very closely if all the AC? are of the same 
magnitude or if AC? is small. Equation 20a is 
invalid if AC? is very small25 but since AC? cannot 
be small when AC? is small, replacing subscript 1 
by 3 in eq. 18 and 19 leads to a valid equation which 
can be reduced to

I i  AC? __
fit A C /

D uz  h Dn
Vi

+  D%2

vA fA C i) 
v J \ A C j ‘  
M /  A C A

¿ ¡ 3 / \ A C 3 / a

+

(20c)

If AC20 is small, eq. 20b is invalid but replacing 
subscript 2 by 3 in eq. 18 and 19 also leads to eq. 
20c. Consequently, for any arrangement of the 
initial concentration differences there are two le­
gitimate independent equations which contain the 
four diffusion coefficients to be determined— any 
two of eq. 20 if all the initial concentration dif­
ferences are of the same magnitude, eq. 20b and c if 
A C ?  is small, eq. 20a and c if AC? is small and 
eq. 20a and b if A C 30 is small.

It is apparent that two experiments with dif­
ferent concentration differences at the same “ mean” 
concentration level will be needed to determine the 
four integral diffusion coefficients. The extraction 
of the point coefficients from the integral values 
may be carried out in general by assuming a par­
ticular concentration’dependence of the Da over the 
range of the experiment and numerically solving 
eq. 12. However, the proper mean concentrations

(25) If A C i0 is identically zero and at is small, eq. 17 gives ap­
proximately

=  -  S o f a  e x p  [ -  | ( C U +  U » ) ]

but this equation is not very useful for the determination of diffusion 
coefficients. If D 21 — D n  — P22 ~  0 the equation is exact, but if eq. 8 
is valid, D n  =  0, and the result is; trivial.

1 , A C ?
— In —TTt fit AC?

(Dn +  Dn)T) „ \( —
Va cD.

+

{D12 +  D22)
M C A
V a c , / .

(20d)

and all concentration ratios in eq. 20 may be con­
sidered to be mole fraction ratios.

In studying an unknown system the errors caused 
by approximating eq. 17 by eq. 20 are unknown, so 
the diffusion coefficients obtained from eq. 20 must 
be treated as first approximations. With these 
values the concentration changes predicted by eq. 
17 may then be compared with the measured 
changes or with those predicted by eq. 20. In this 
manner it was found that in the present study the 
errors introduced by the use of eq. 20 in place of eq. 
17 were negligible.

Ternary Experiments and Results.—The same 
equipment was used in the ternary and binary experi­
ments except for the replacement of one of the cells. 
The technique used in the ternary work differed from 
that used in the binary study only in the analysis of 
composition. In the ternary work an extra set of 
calibration curves had to be constructed and in­
stead of calculating separate mole fractions from 
the measurements of peak height and area ratios, 
the mole fraction ratios determined by both of 
these methods were immediately averaged and the 
average values were then used to calculate mole 
fractions.

In order to cover the concentration range inside 
the ternary concentration field, data were taken at 
six mean concentrations. At each of these mean 
concentrations two or three experiments were car­
ried out with different initial concentration dif­
ferences as shown in Table II. Subscript T refers 
to toluene, C to chlorobenzene, and B to bromo- 
benzene. Each experiment was repeated at least 
once.

(26) If the cross diffusion coefficients are zero and the main coeffi­
cients are linear with composition, it can be shown that the measured 
integral coefficients are still the point values at tlie arithmetic average 
composition.
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T able I
Experim ental  and Calculated21 D ilute  B inary 

D iffusion C oefficients, cm2. / sec . X  105 
Temperature +  29.6°

System (first component dilute)
£>ü°

(expt.)
$hj°

(ealed.)
Chlorobenzene in bromobenzene 1 .3 6 1 .5 8
Toluene in bromobenzene 1.41 1 .5 8
Bromobenzene in chlorobenzene 1 .7 6 2 .0 9
Toluene in chlorobenzene 1 .8 0 1 .8 9
Chlorobenzene in toluene 2 .3 6 2 .6 0
Bromobenzene in toluene 2 .2 7 2.58

T able II
M ean C oncentrations and N ominal I nitial 

C oncentration D ifferences
Expt. XT *C Àa*T° Ä£C° Ä#b °
1 - 1 0.25 0.50 0.25 0 0 .1 0 - 0 .1 0
l-II .25 .50 .25 - 0 .1 0 0 .1 0
1 -I 1 I .25 .50 .25 .06 -  .14 .08
2 -1 .26 .03 .71 -  .08 -  .06 .14
2 - 1 1 .26 .03 .71 -  .14 .06 .08
3-1 .70 .15 .15 .15 -  .05 -  . 1 0
3-II .70 .15 .15 .10 .05 -  .15
4-1 .15 .70 .15 . 15 -  .05 -  .1 0
4-II . 15 .70 .15 .1 0 .05 -  .15
5-1 .45 .25 .30 -  .05 .15 -  .1 0
5-II .45 .25 .30 .05 . 1 0 -  .15
6 -1 .18 .28 .54 -  05 .15 -  . 1 0
6-II .18 .28 .54 .05 . 1 0 -  .15

Since the diffusion coefficients are assumed to 
depend only upon the mean concentration, two of 
these experiments yield four equations for the four 
unknown diffusion coefficients at the mean concen­
tration used in the experiments.

The diffusion coefficients obtained at the six 
points are given in Table IV together with the 
estimated 95% confidence limits. The main dif­
fusion coefficients are also shown in Fig. 2.

At each of the points 2 to 6 all three values of 
AC,0 are the same magnitude so eq. 20a and b are 
valid.27 Rewriting eq. 20a in the present nomen­
clature and summing over repeated experiments

( I In
\ßt a.tt y k D tt — D tc ( '— ) , k

\ A x t  /  ak
I,II

(21)

where I and II refer to the two sets of experiments 
with the same mean concentration, but with dif­
ferent concentration differences, and the caps refer 
to the average values. Substituting the measured 
values of the capped terms into eq. 21 gives two 
simultaneous equations from which Z>tt and T>tc 
may be calculated. Similarly eq. 20b yields two 
more independent equations from which D ec  and DCt may be obtained.

The data and calculations at point 4 are shown in 
Table III. Complete data are given elsewhere.28 
Each of the first two experiments at point 1 were 
carried out with one of the initial Concentration

(27) Subscript 1 is taken as toluene, 2 as iihiorobenzene, and 3 as 
bromobenzene.

(28) J. K. Burchard, Ph.D. Thesis, Carnegie institute of Tech­
nology, Pittsburgh, Pennsylvania, 1961.

differences close to zero. From the earlier discus­
sion and Table II, it follows that eq. 20b and c 
apply to the first experiment, and eq. 20a and c to 
the second. As a test of the over-all procedure 
the four diffusion coefficients obtained from these 
equations were then used to predict the final con­
centration differences in the third experiment at 
point 1 which was carried out with all the initial 
concentration differences of the same magnitude. 
These calculated values are compared to the 
measured values in Table V. The check is satis­
factory.

The uncertainty in a cross diffusion coefficient 
depends primarily upon the choice of the initial 
concentration differences and when the uncertainty 
of one cross coefficient is decreased the other is in­
creased. At points 2 to 4 inclusive D c t  was deter­
mined with minimum uncertainty and at points 5 
and 6 D ct was determined with minimum uncer­
tainty.

The confidence ranges given for the A j were ob­
tained from an analysis of variances contributed by 
each experimental value used in the calculations. 
It can be seen from Table IV that the confidence 
limits on the main diffusion coefficients run about 
± 5 % , whereas the percentage uncertainty of the 
cross diffusion coefficients is much greater and more 
variable.

Discussion
The differences between the main diffusion co­

efficients average 5% while the cross diffusion co­
efficients average 2%  of the main coefficients so this 
system approximates the behavior of eq. 3 and 4.

It is not statistically certain that the two main 
diffusion coefficients at a point actually differ, 
since the confidence limits overlap in all but one 
case. However, most of the cross diffusion co­
efficients which were determined with minimum 
uncertainty are significantly different from zero, in­
dicating that the main diffusion coefficients prob­
ably do differ. As shown in Fig. 2, both of the 
main diffusion coefficients lie close to the plane 
whose borders are described by the binary dif­
fusion coefficients.

In Table VI the left and right hand sides of eq. 8 
are compared. It is seen that the equation is satis­
fied at all points witnin experimental error. How­
ever, when the cross diffusion coefficients D t c  and 
D ct are zero the comparison is almost trivial since 
the equation merely asserts the equality of Dtt and 
Dec, an equality which holds irrespective of the 
reciprocal relationships. Thus, in the present ex­
periments, the satisfactory check indicates that the 
magnitude of the difference between the main dif­
fusion coefficients is consistent with the magnitude 
of the cross diffusion coefficients.

Kinetic Theory of Gases.—The kinetic theory of 
gases describes the diffusion in a multicomponent 
system in terms of the binary diffusion coefficients 
of the system and it is of interest to consider the 
application of these equations to liquids. The 
Curtiss -Hirschfelder equations29 for a mixture of 
three ideal gases yield28 eq. 22a-22e.

(29) C. F. Curtiss and J. O. HintChfelder, J - C h em . P h y s ., 17, 550 
(1949).
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T a b l e  III
D a t a  a n d  Ca l c u l a t io n s— P o in t  4

Run /St“ a#t ° Axe0 A.rrd Aie*
{  Axc\
\ AtTT/a <5

<1 1 <3

l Aæt° 
01 AaTf

I Ax(je— In ----- ;
0t Axcf

4-1 (a) 
1 ( b )

0 .1 4 7 1 5
.18611

0 .1 503
.1503

- 0 .0 5 0 2  
-  .0502

0 .1 1 4 6
.1069

- 0 .0 3 7 3  
-  .0341 —0.3281 - 3 . 0 4 9 1 .8368 2 .0 481

H (a )  
II lb )

.14543 

.18418
.1009
.1009

.0484

.0484
.0769
.0713

.0376

.0356
.4869 2 .0 5 4 1 .8764 1.7019

From eq. 20a From eq. 20b
1.8368 =  D tt — 0.3281-D tc 2 .0 481 =  Dec --  3 . 049D ct
1 .8 764 =  D tt +  0 . 4869D tc 1.7019 =  D ec  +  2 . 054D ct

Hence“ D t t  =  1.853, D ie — 0.049, Deo =  1.841, D ei =  —0.068 
“ Units of l /f f t  and diffusion coefficients are cm.2/sec. X  1 0 -5.

T a b l e  IV
T e r n a r y  D if f u sio n  C o e f f ic ie n t s , c m .2/ se c . X  10s

Fxnt. Dtt Doc
1 1 .8 48  ±  0 .0 6 6 1 .7 97  ±  0 .0 7 6
2 1 .5 7 0  ±  .088 1 .6 06  ± .109
3 2 .1 3 2  ±  .098 2 .0 6 2  ± .108
4 1 .8 53  ±  .108 1 .841 ± .108
5 2 .0 0 6  db .108 1 .8 9 0  ± .108
6 1 .7 74  ±  .107 1 .5 18  ± .107

T a b l e  V
C o m pa riso n of C a lc u l a t e d  an d M e a su r e d

C o n c e n t r a t io n s , E x p t . l - I I I
Axt* Aæc*

Expt. 0 .0 433 - 0 .1 0 1 7
Caled. 0 .0 4 2 0 - 0 .1 0 1 7

T a b l e  VI
C o m pa riso n  o f  L e f t  an d  R ig h t  Sid e s  o f  E q. 8
Expt. LHS RHS

1 1 .7 7  ±  0..16 1 .6 7  ±  0 .2 2
2 1 .2 7  ± .82 1 .3 2  ±  .39
3 1 .9 9  ± .11 2 .1 2  ±  .23
4 1 .7 7  ±  ..11 1 .9 4  ±  .34
5 1 .5 7  ± .38 1 .8 6  ±  .12
6 1 .7 8  ± .49 1 .3 7  ±  .15

LHS =  D u  +  (1 +  xb/xc')Dci 
RHS =  Dec +  (1 +  X b / x i ) D i c

Dn = £>13 [(1 — .Ti)£i2 +  .Ti £ 23] /  (22a)

D12 = .Ti£23(S>i3 £ 12)/^  (22b)

D22 = £ 2 3  [(1 — X 2)  £21 +  a^Dis]/'/' (22c)

D21 =  X2£i3(£a3 — £21 )/>/' (22d)

\p =  X i  £ 2 3  “ I-  X o  £ 1 3  “ I-  x 3 £ i 2 (2 2 c )

and £,j =  £ji

These equations are ambiguous for liquids since, 
unlike ideal gases, the binary diffusion coefficients 
are composition dependent. In order to allow for 
the third component, one might evaluate the 
£ij to be used in eq. 22 at a species i mole fraction 
in a binary mixture of species i and j of x-J (x; +  
Xj), where x, and Xj are the mole fractions in the 
ternary mixture. Since the binary diffusion co­
efficients are linear in mole fraction in the present 
study, the £jj to be used in eq. 22 are given by

Dtc Dot

- 0 . 0 6 3  ±  0 .109 - 0 . 0 5 2 ±  0 .0 9 3
-  .077 ± .100 -  .012 ±  .033

.051 ± .163 -  .071 ±  .026

.049 ± .162 -  .068 ±  .026
-  .020 ± .026 -  .198 ±  .163
-  .037 ± .026 .0026 ±  .162

Xj „ X; , „
£ j j  =  ------ £ i i °  +  ----------------£ i i °  (23)

The multicomponent diffusion coefficients were 
calculated from these equations using the values of 
£ i j °  from Table I and are compared to the measured 
diffusion coefficients in Table VII and in Fig. 2.

It can be seen that the experimental main dif­
fusion coefficients are, in most cases, well within ex­
perimental error of the predictions of eq. 22 and 23. 
It is of interest to note that the equations properly 
predict the largest and smallest Da except for expt.
2. Usually the experimental values lie between the 
predicted values.

For the cross terms the experimental values are 
usually smaller in magnitude than predicted, and 
where the confidence ranges are relatively small 
this difference is statistically significant in most 
cases.

Thus, eq. 22 and 23 predict the ternary diffusion 
reasonably well from binary diffusion data. The 
predictions are better for the main terms, but at 
least the order of magnitude of the cross terms is 
handled correctly.

Use of a Single Diffusion Coefficient.— Because 
of the small values of the cross diffusion coefficients, 
the cross terms in eq. 1 will generally make only a 
small contribution to the flux. Consequently, a 
simple, usually adequate approximation to the 
diffusion in this system is obtained by neglecting 
the cross terms altogether, for then only one ternary 
diffusion coefficient, D*, is needed to describe the 
diffusion. The D* can then be calculated by 
averaging all the log terms, for all the replicas in a 
given experiment, i.e., by assuming that differences 
between the initial conditions I and II give indis­
tinguishable results. However, simply averaging 
the D T t  and D e c  already calculated gives essentially 
the same results and these values are shown in 
column 1 of Table VIII.
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T a b l e  V II
C om pa riso n  o f  E x p e r im e n t a l  D if fu sio n  C o e f f ic ie n t s “ w it h  V a l u e s  C a lc u l a te d  fro m  E o . 22 an d  23

■D TT---------- ■ ------------D c c -
Expt. Expt. Calcd. Expt. Calcd.

1 1 .8 5 1 .92 1 .8 0 1 .7 0
2 1 .5 7 1 .66 1 .61 1 .5 4
3 2 .1 3 2 .1 4 2 .0 6 2 .0 0
4 1 .8 5 1 .8 8 1 .8 4 1 .7 2
5 2 .0 1 1 .9 9 1 .8 9 1 .78
6 1 .7 7 1 .7 2 1 .5 2 1.57

Units are cm.2/sec. X lO“5.
T a b l e  V I I I

T e r n a r y  D if fu sio n  C o e f f ic ie n t , c m .2/ se c . X 105
Expt. D *  (1) D *  (2) D *  (3)

1 1 .8 2 1 .84 1.81
2 1 .5 9 1 .5 9 1 .63
3 2 .1 0 2 .1 2 2 09
4 1 .8 5 1 .8 4 1 .8 0
5 1 .9 5 1.91 1 .9 0
6 1 .6 5 1 .6 4 1 .6 6

From a regression analysis of these D* at the six 
concentration points, it is found that they form a 
plane in Déconcentration space30

D* =  2.36xT +  1.84xc +  1.30xb (24)
The multiple correlation coefficient for the equation 
is 0.995. Values of D * calculated from this equa­
tion are given in column 2 of Table VIII and may 
be compared with the measured values in column 
1. This linear behavior is a natural generalization 
of the linear behavior of the binary diffusion co­
efficients.

The binary diffusion coefficients in a system obey­
ing eq. 7 form the borders of the plane given by

3
D* =  Yj Zi£>ji°, jV  i (25)

i  =  1

In the system used here £>¡3° is close to but not
(30) Since the main diffusion coefficients differ from D *  by only a 

small amount, the main diffusion coefficients are also essentially linear 
with mole fraction.

D tc- -------------• '-------------- D c t

Expt. Calcd. Expt. Calcd.
- 0 . 0 6 - 0 . 0 3 - 0 . 0 5 - 0 . 1 8
-  .08 -  .12 -  .01 -  .02
+  .05 -  .09 -  .07 -  .13
+  .05 -  .01 -  .07 -  .15
-  .02 -  .09 -  .20 -  .16
-  .04 -  .06 .00 -  .13

identically equal to 53kj°. If these differences are 
neglected and the arithmetic averages of the two 
dilute coefficients at each corner of Fig. 2 (which 
are given in Table I) are used in eq. 25 one obtains

D* =  2.31xT +  1.78xc +  1.38xb (26)

and this is the equation of the plane shown in 
Fig. 2.

The very close similarity between eq. 24 and 26 
is obvious. The values of D* calculated from eq. 
26 are given in column 3, Table VIII. It is appar­
ent that the two planes coincide within experimental 
error, indicating that the D* given by the ternary 
measurements goes to the proper binary limits.

It follows that for many purposes liquid diffusion 
in the system toluene-chlorobenzene-bromobenzene 
can be adequately described by eq. 3 and 4 with 
D* given by eq. 24 or 26. This is a pleasantly con­
cise result—one diffusion coefficient, easily pre­
dicted from dilute binary data, serves for a ternary 
system.

If this behavior is a general characteristic of mul­
ticomponent systems which obey eq. 7, then an ap­
proximate description of the diffusion in such sys­
tems can be obtained without the necessity of any 
experimental measurements, for the dilute binary 
diffusion coefficients can be obtained with at least 
fair accuracy from available correlations.
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GAS PHASE OXIDATION OF o-XYLENE
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R ece iv ed  D ecem b er  2 7 , 1961

The gas phase oxidation of o-xylene has been investigated in a flow system at atmospheric pressure using a quartz reaction 
vessel maintained at 650°. The presence of 38 oxidation products has been detected and the variations in the yields of two- 
thirds of these have been studied as a function of mixture composition and reaction time. Apart from CO, C02, CH4, H2, 
and water, l-methyl-2-vinylbenzene and toluene were the most abundant by-products found. The effect of temperature 
on the C 0 /C 0 2 ratio has also been observed. The slow combustion of o-xylene has been shown to be a complex process 
involving many types of reactions such as cracking and alkylation as well as the simultaneous oxidation of the nucleus and of 
the methyl groups. It has been concluded that ring splitting and the subsequent rapid oxidation of the fission products can 
occur before the side-chains have been oxidized and takes place via the formation of a transient transannular oxide. The 
experimental facts also suggest that o-tolualdehyde is the principal chain branching intermeciate. The mechanism proposed 
to account for the formation of aromatic hydrocarbons and tarry materials is based on the condensation of free radicals with 
acetylene.

Introduction
In spite of the increasing importance of aro­

matics as fuel components for internal combustion 
engines, knowledge concerning the slow combustion 
of this class of compounds is relatively scanty. 
The general kinetics of the three isomers of xylene 
have been investigated previously.1 Because the 
performance of a fuel in an engine is to a consider­
able extent determined by its slow combustion 
behavior, it was considered of interest to study in 
more detail the gas phase oxidation of o-xylene.

The isomers of xylene exhibit striking differences 
in some of their combustion properties. For 
instance, the spontaneous ignition temperature 
of o-xylene is significantly lower (ca. 60°) than 
that of either rn- or p-xylene.2 Similarly, as indi­
cated by the values of 13.6, 15.3, and 15.7 re­
ported3 for the critical compression ratios of
o-, m-, and p-xylene (600 r.p.m., 100°F. inlet 
temperature), o-xylene is the least resistant to 
detonation in spark-ignited engines. In keeping 
with these observations, prior work1 has indicated 
that o-xylene is more easily oxidized than either 
m- or p-xylene. Based on the evidence obtained 
in that investigation, it was suggested that these 
differences in the ease of oxidation probably 
resulted from differences in the rates of the chain 
branching reactions.

The present investigation therefore was under­
taken in the hope that more might be learned about 
the nature of the branching intermediate.

Based on a kinetic study, Fort and Hinshel- 
wood4 have concluded that the oxidation of ben­
zene occurs via a mechanism involving chains of 
short lengths. Burgoyne6 investigated the oxi­
dative behavior of benzene and of a series of sub­
stituted benzenes and concluded that the slow 
oxidation of benzene differs in several respects 
from that of its alkyl derivatives. Newitt and 
Burgoyne6 showed that in the slow oxidation of 
benzene at pressures of several atmospheres a 
single series of hydroxy intermediates preceded 
the breakdown of the ring, whereas in the case of

(1) F. J. Wright, J . P h y s .  C h em ., 64, 1944 (1960).
(2) J. L. Jackson, I n d . E n g . C h em ., 43, 2869 (1951).
(3) T. A. Boyd, ibid., 26, 1105 (1934).
(4) R. Fort and C. N. Hinshelwood, P r o c .  R o y .  S o c . (London), A127, 

218 (1930).
(5) J. H. Burgoyne, ib id ., A175, 539 (1940).
(6) D. M. Newitt and J. H. Burgoyne, ibid., A153, 448 (1936).

substituted benzenes both side-chain and nuclear 
oxidation occurred simultaneously.

Norrish and Taylor7 also concluded that the 
oxidation of benzene took place via a successive 
hydroxylation of the ring to the dihydroxy stage, 
before ring splitting and the subsequent rapid 
oxidation of the fragments occurred. Their study8 
of the cool flames of to.uene and ethylbenzene led 
to a similar conclusion.

The slow combustion of o-xylene has now been 
investigated in a flow system at atmospheric pres­
sure, using a quartz reaction vessel maintained 
at 650°. As complete an analysis of the oxidation 
products as possible has been obtained, and the 
variation in the yields of many of these has been 
studied as a function of environment, such as 
mixture composition and reaction time. This 
information concerning the stoichiometry of the 
over-all process has shed considerable light on the 
mechanism of the reaction. This is particularly 
so when such evidence is considered in terms of the 
general kinetics of the reaction and the oxidative 
behavior of aliphatic compounds.

Experimental
Materials.—Pure Grade (99%) Phillips 66 o-xylcne was 

treated with sodium wire and was further purified by vacuum 
distillation. No impurities could be detected by gas chro­
matography. Oxygen was obtained from a cylinder and 
passed over calcium chloride and phosphorus pentoxide; it 
was used without further purification. Nitrogen also was 
obtained from a cylinder and treated in a similar manner.

Apparatus.—The equipment consisted essentially of a 
quartz reaction vessel placed horizontally in a well regulated 
electric furnace, and of ancfllary equipment for the prepara­
tion of the combustible mixtures and the collection of the 
effluent products.

The reaction vessel was 23 cm. long and 3 cm. in diameter. 
The well-lagged electric furnace, whose temperature could 
be controlled accurately t i  ± 1 ° , had a heavy stainless 
steel core in order to provide a large thermal inertia and to 
eliminate temperature gradients along the length of the 
reaction vessel.

The flow of gases was measured by means of differential 
flowmeters and the nitrogen stream was saturated with o- 
xylene by passing it through a thermostated “ carburetor.”  
Immediately before entering the reaction vessel, the gases 
flowed through a mixing vessel maintained at 150°. All 
connecting leads were electrically heated to avoid condensa­
tion. Blank experiments were carried out to ascertain that 
the nitrogen stream could be saturated under all relevant 
flow conditions.

The reaction products flowed through a series of three

(7) R. G. W. Norrish and G W. Taylor, ib id ., A234, 160 (1956).
(8) R. G. W. Norrish and G. W. Taylor, ib id ., A238, 143 (1956).
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RELATIVE REACTION TIME.

Fig. 1.— ■, methylvinylbenzene; ▼, toluene; • , benzene; 
0, o-tolualdehyde; ♦ , 1 -methy 1-2 -ethylbenzene; □ ,  phenol; 
À., p-xylene; V ,  m-xylene.

traps cooled to —80°, the residual gases being collected for 
analj'sis. Under all flow conditions, a glass wool plug in­
serted in the traps efficiently trapped the fine smoke which 
formed part of the combustion products.

After adjusting the flows, the gases were allowed to pass 
through the reaction vessel for 30 min. in order to let the 
reaction come to equilibrium. The products were then di­
rected through the tared traps for a known length of time 
(15-30 min.). At the completion of a run, both the un­
condensed gases and the liquid products were analyzed.

Analysis of Products.— The non-condensable gases were 
analyzed by means of a Fisher Gas Partitioner. This in­
strument used two chromatographic columns, one consisting 
of sjmthetic zeolite and the other of 30%  hexamethylphos- 
phoramide on firebrick. It is capable of separating Nj, 0 2, 
CO, C 02, and many low molecular weight hydrocarbons. 
By replacing the helium carrier with argon, it can also be 
used to detect H2. Analysis of the effluent gases was also 
obtained on a mass spectrometer.

The liquid fraction was analyzed by means of a Perkin- 
Elmer Model 154-C Vapor Fractometer using a 2 m. column 
of diatomaceous earth supporting diisodecyl phthalate at 
150°. At this temperature, this column was found capable of 
separating many of the products having boiling points below 
that of naphthalene. In order to get better separation of 
those products which boil below 80°, the column also was 
operated at 100°. A number of qualitative analyses were 
also carried out cn a Barber-Coleman gas chromatography 
unit equipped with a capillary column and an ionization 
detector. The column was packed with Apiezon “ L ”  and 
was temperature programmed between 100 and 2 0 0°.

Identification of the G. C. peaks was carried out by cou­
pling the chromatography units to a Bendix Type 12-101 
Time-of-Flight mass spectrometer and also by subjecting 
narrow cuts to infrared analysis. Whenever possible, identi­
fication of the peaks was confirmed by direct comparison of 
elution times.

Immediately at the completion of a run, paper chromatog­
raphy was used to detect the possible presence of peroxides 
and in particular of hydrogen peroxide. The technique used 
was that described by Cartlidge and Tipper9 with ether as 
the moving phase; ferrous thiocyanate, p-phenylenediamine 
-aldehyde mixtures, and also a 10  vol. %  solution of hydro­
gen iodide in glacial acetic acid were tried as developers. 
No indications that the oxidation products contained per­
oxides, however, could be obtained.

Results.— In Table I are given the results of a typical 
run. Evidence also was obtained for the presence of methyl- 
acetylene, vinylacetylene, pentadiene, furan, dihydrofuran, 
dimethyldiphenylethane, dibenzyl, anthracene, aromatic 
alcohols, and esters. No quantitative data were, however, 
obtained for these compounds except for noting that they 
were present in quite low concentrations. These compounds 
plus the small amounts of any materials retained in the stop­
cocks would account for the fact that, in general, material 
balances somewhat short of 10 0 %  were obtained.

A few pyrolysis runs also were carried out for comparison 
purposes. At 650°, the temperature at which the oxidation 
was studied, the extent of reaction was small but the presence 
of toluene, benzene, l-methyl-2 -ethylbenzene, l-methyl-2 - 
vinylbenzene, p-xylene, methane, and hydrogen was de­
tected.

(a) Variation of Contact Time with a Constant o-Xylene- 
Oxygen Ratio.— The o-xylene to oxygen ratio was kept con­
stant at 1:4, while the relative contact times were varied 
between 0.25 and 15. In order to avoid having to determine 
the effective volume of the reactor, the relative contact time 
is arbitrarily defined as 12.53/F, where V m l./sec. is the 
total flow of gases. The variation in yields of some of the 
products with varying contact times is shown in Fig. 1 and
2. Under no conditions did ignition occur.

(b) Variation of Oxygen Concentration at a Relative 
Contact Time of 1.0.— The rate of flow of nitrogen passing 
through the carburetor was kept constant at 8.33 ml./sec., 
corresponding to an o-xylene flow of 0.6  ml./sec., and the 
flow of oxygen was varied between 0.0 and 4.2 ml./sec. 
Sufficient nitrogen was added to maintain the total flow of 
gases through the reaction vessel at 12.53 ml./sec. The 
variation of the yields of some of the products of oxidation 
with changes in oxygen concentration is given in Fig. 3 and
4.

At an o-xylene to oxygen ratio of 1 to 7, ignition occurred 
in the vessel— the flame flashing back against the direction 
of flow until it was quenched by the glass wool plug placed 
in the entry tube. Such a plug was found to be very effective 
in preventing explosions from occurring in the mixing vessel.

(c) Variation of Oxygen Concentration at a Relative 
Contact Time of 0.5.— The rate of flow of nitrogen through 
the carburetor was kept constant at 16.66 ml./sec., corre­
sponding to an o-xylene flow of 1 .2  ml./sec., and the oxygen 
flow was varied between 0 and 7.2 ml./sec. Sufficient nitro­
gen was added to maintain the total flow of oxygen and 
nitrogen at 25.06 ml./sec.

Although the extent of reaction under these conditions 
was smaller, the variation of the product yields is similar to 
that observed at relative contact times of 1. Ignition oc­
curred at the same oxygen to o-xylene ratio as when the 
relative contact time was 1 .0 .

(0) J. Cartlklge arai C. I’ . IT. Tipper, A n a l. Ch ini. A d a ,  22, 106 
(1960).



Oct., 1962 Gas Phase Oxidation of o-X ylene 2025

T a b l e  I

Q u a n t it a t iv e  A n a ly sis  of a  T y p ic a l  R un

Moles per
g.-atoms 
carbon

g.-atoms 
oxygen

g.-atoms 
hydrogen

mole per 100 g. per 100 g. per 100 g.
o-xylene atoms atoms atoms

Products input input input input
o-Xylene 0.28 28.0 28.0
m-Xylene .002 0.25 0.19
p-Xylene .005 0.5 0.5
Toluene .075 6 .6 6 .0
Benzene .045 3.25 2 .6
l-Methyl-2-ethyl-

benzene .030 3.25 3.7
Benzofuran .035 3.6 0.39 2 . 1
l-Methyl-2-vinyl-

benzene .095 10 .6 9.5
Benzaldehyde .0 10 1 .0 . 1 1 0.75
Ph enylacetald e- 

hyde .015 1 . 6 .17 1.5
o-Tolu aldehyde .040 3.9 .44 3.5
Phenol .009 0 .6 .1 0 0.5
o-Cresol .006 .5 .07 .5
Naphthalene .004 .35 .3
Formaldehyde .004 .5 .05 .07
Acetone .0 0 1 .05 .0 1 .07
Acrolein .0 0 1 .05 .0 1 .07
Methyl vinyl 

ketone .002 .12 .0 2 .14
Crotonaldehyde .007 .32 .08 .52
Carbon monoxide 1.45 18.1 16.0
Carbon dioxide 0.45 5.6 9.9
Methane .17 2.25 7.0
Ethane .04 0.85 2.25
Ethylene .07 1.75 3.0
Hydrogen .16 3.25
Oxygen 2.40 52.5
Water 1 . 1 0 1 2 .0 2 2 .0 0

Total 93.49 91.85 98.01

Discussion
As evidenced by Table I, the gas phase oxida­

tion of u-xylene is a complex process. The wide 
variety of products which are formed is a reflection 
of the large number of reactions which are simul­
taneously taking place. This multitude of in­
dividual steps makes the establishment of a 
complete mechanism quite difficult. Some general 
facts do emerge, however, from the analytical 
curves and the table of products distribution.

1. At both relative contact times studied, 
none of the curves of product yields against mix­
ture composition shows signs of discontinuity or of 
marked deformities right to the onset of ignition. 
This suggests the absence of drastic changes in 
the mechanism by which o-xylene is oxidized or, for 
that matter, of reactions leading to the end prod­
ucts.

2. Substantial amounts of non-oxygenated com­
pounds are found among the reaction products, 
particularly l-methyl-2-vinylbenzene and toluene. 
From this it must be concluded that cracking and 
alkylation reactions compete successfully with 
oxidation in spite of the fact that oxygen is never 
completely used up. Comparison with pyrolysis 
experiments clearly indicates that the rate of for-

Fig.3.— ▼,methane; ♦ , hydrogen; O ,ethylene; •.oxygen 
consumed; ■, carbon monoxide; ▲, carbon dioxide.

mation of non-oxygenated compounds is greatly 
increased by the presence of oxygen.

3. No indications that hydrogen peroxide had 
been formed could be obtained.
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4. Relatively small amounts of aliphatic com­
pounds were recovered. Under the experimental 
conditions employed, this was to be expected, 
since aliphatic compounds are generally much 
more readily oxidized than aromatic ones.

5. Substantial quantities of various aldehydes 
as well as phenolic compounds are formed but 
with the exception of methyl ethyl ketone and 
acetone, no other ketones could be detected.

6. Approximately half of the o-xylene consumed 
formed aromatic by-products, a clear indication 
of the stability of the benzene ring toward oxi­
dation.

In attempting to elucidate the main combustion 
process, it is convenient to consider side-chain 
and nuclear reactions separately. Once the ring 
has been cleaved, the resulting straight chain 
fragments are rapidly oxidized, presumably in a 
manner analogous to that of aliphatic hydrocarbons. 
The reactivity of the benzene ring thus ultimately 
resolves itself into the problem of its cleavage.

Side-Chain Oxidation.— Pyrolysis experiments 
indicate that some thermal decomposition or 
cracking of the hydrocarbon does occur at 650°. 
The radicals formed in this manner could therefore 
initiate the oxidation process. On thermochemical 
grounds,10-11 however, the primary initiation reac­
tion is more likely to be

GIUCJUCIU +  0 2 — >
CHaCJRCIIr +  I i0 2- (1)

AH =  33 kcal./molc
followed by

CH3C JI4CH3 +  I102-
CHsCelRCIR- +  H20 2 (2)

The failure to detect hydrogen peroxide among 
the oxidation products would indicate that re­
action 2 does not take place to any appreciable 
extent. However at the temperatures considered 
here, hydrogen peroxide would decompose rapidly 
while at the same time it would act as an oxidizing 
agent.

Reaction of xylyl radical with oxygen results in 
the rapid formation of a peroxy radical.

CH3C6H4CII2- +  0 2 — > CH3C6H4CH20 0 - (3)
At temperatures above 300°, peroxy radicals 

have been shown to decompose rather than ab­
stract hydrogen to form hydroperoxides.12-13 The 
course of the side-chain oxidation of o-xylene will 
therefore be determined by the thermal decompo­
sition of the benzyl peroxy radical. The observed 
products thus are thought to arise from this radical 
by internal rearrangement followed or accom­
panied by decomposition in a manner analogous 
to that followed by aliphatic compounds.14-16 
On this basis, the relatively smaller yields of

(10) P. Gray, T ra n s. F a ra d a y  S o c ., 55, 408 (1959).
(11) M. Szwarc and D. J. Williams, J . C h em . P h y s . , 20, 1171 (1952).
(12) J. W. Falconer and J. H. Knox, P r o c .  R o y .  S oc . (London), A250, 

493 (1959).
(13) C. Satterfield and R. Wilson, I n d . E n g . C h em ., 46, 1001 (1954).
(14) A. D. Walsh, T ra n s. F a ra d a y  S o c ., 43, 297 (1947).
(15) H. C. Bailey and R. G. W. Norrish, P r o c .  R o y .  S oc . (London), 

A212, 311 (1952).

alcohols compared to that of the aldehydes can 
readily be understood since the reaction leading 
to alcohols

CH3C6H4CH200- — > CH3C6H4CH2OOH
CH3C6H4CH2OH +  OH (4)

has to compete with the more probable thermal 
decomposition of the peroxy radicals to aldehydes

CH3C6H4CH20 0 - — >
CH3C6H4CHO +  -OH (5)

Branching Intermediate.— Previous kinetic work1 
has indicated that the greater ease of oxidation of
o-xylene compared to that of to- or p-xylene results 
from differences in the rates of the branching 
reactions. It was shown that the reactivity of 
the branching intermediate in the oxidation of
o-xylene was significantly greater than that of the 
intermediates responsible for the branching re­
actions in the oxidation of m- and p-xylene. More­
over, the reactivities of these latter two interme­
diates were essentially the same.

On the basis of these results and the present 
observations, o-tolualdehyde is now proposed as 
one of the branching intermediates in the o- 
xylene oxidation. Not only could the oxidation of 
this aldehyde provide the necessary branching, 
but its stationary concentration is large enough 
for it to be effective. Moreover, the differences 
in the manner in which 0-, m-, and p-tolualdehyde 
oxidize could account for the observed differences 
in the rates of oxidation of the three isomers. 
Thus, according to the sequence

Ó

the oxidation of o-tolualdehyde would yield a 
reactive diradicai which on further reaction would 
give two free radicals. On the other hand, in 
the case of both to- or p-tolualdehyde, the oxi­
dation would proceed as

(or C 0 2 +  -OH)
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There are two essential differences in these 
sequences of steps. First, because of the prox­
imity of the methyl group, H abstraction will 
occur unimolecularly in the case of the o-isomer, 
whereas the parallel reaction with the other 
isomers would of necessity have to be bimolecular. 
Second, whereas a reactive diradical would be 
formed with the or£/io-compound, in the case of to- 
and p-xylene a methyl phenyl radical would result. 
These radicals, as well as having only a single 
unpaired electron, might also be expected to 
isomen'ze rapidly to relatively stable benzyl 
radicals. They would thus be less efficient chain 
propagators. It might therefore be expected 
that o-xylene will oxidize more readily.

Nuclear Oxidation.— It has been suggested by 
Norrish and Taylor7 that in benzene oxidation, the 
ring is successively hydroxylated and that dihy­
droxy compounds are the precursors to ring fission. 
They also postulated that the ring cleavage oc­
curred via the formation of meso-oxide type 
transient intermediates.

The absence of catechol or hydroquinone and 
the detection of a number of aliphatic fragments, 
such as methyl vinyl ketone, acrolein, and croton- 
aldehyde suggest, however, that in the case of o- 
xylene, the formation of phenolic compounds does not 
necessarily have to precede the splitting of the ring. 
Rather, attack of the ring by oxygen can occur more or 
less readily no matter what the substituents on it may 
be. The basis for this hypothesis is that the transient 
formation and subsequent rapid decomposition of 
?«eso-oxides would readily explain the presence of 
some of the aliphatic fragments found among 
the oxidation products. The direct formation of

H
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such transannular oxides would violate spin con­
servation rules and the probability of such a step 
would thus be expected to be low. This might 
account for the stability of the benzene ring toward 
oxidation. The formation of furan and pyran 
derivatives during the course of oxidation of ali­
phatic hydrocarbons has been explained by Bailey 
and Norrish16 as

H2C------- CH2 H2C--------CH 2
I I I I

HSC—CH H2C—CH3 — >- HaC— CH HC—CH 3 +  OH-
i  \ /0—0 - O (6)

The formation of benzofuran undoubtedly occurs 
by a similar, albeit somewhat more complex, 
mechanism probably involving styrene or a styryl 
radical which might be expected to be formed 
thermally from ethylbenzene, one of the oxidation 
by-products. The presence among the oxidation 
products of benzofuran as well as or/Ao-substituted 
phenols also indicates that nuclear attack can 
occur before a side-chain is completely removed.

H H
c —c

H
0 - 0 -

(?)

Cracking and Alkylation.—The by-products of 
o-xylene oxidation contain relatively large amounts 
of non-oxygenated compounds such as 1-methyl- 
2-ethylbenzene, l-metbyl-2-vinylbenzene, naph­
thalene, anthracene, p- and m-xylene, and various 
tarry materials of unidentified structure. Also 
present are hydrocarbons such as benzene and 
toluene. As indicated by pyrolysis experiments, 
all of these compounds also are formed in the 
absence of oxygen but in smaller yields. These 
increases in the rates of formation in the presence 
of oxygen reflect the well known catalytic in­
fluence of oxygen on thermal cracking reactions.16

The various hydrocarbons that have been 
detected must undoubtedly be formed by the con­
densation of radicals produced in the course of 
the reaction. Because of the variety of such 
radicals, many combinations are possible and only 
a few of the more likely ones will be considered.

The most abundant of the non-oxygenated 
hydrocarbons found is l-methyl-2-vinylbenzene. 
A likely mode for its formation is through thermal 
cracking of l-methyl-2-ethylbenzene, which is also 
present in substantial amounts. In fact, Szwarc17

CH3C6H4CH,CH, — ■>
CII3C5H4C H =C H 2 +  H2 (8)

has shown that in the pyrolysis of ethylbenzene, 
styrene and hydrogen both are formed. He 
suggested that these products could be accounted 
for in part by an intramolecular reaction such as 
(8) and in part by the reaction

C6H6CH2CH2. — > C3H6C H =C H 2 +  H- (9)

The formation of l-methyl-2-ethylbenzene could 
most readily be explained as resulting from the re­
combination of methyl and o-xylyl radicals. 
Since the yields of l-methyl-2-vinylbenzene and of 
its probable precursor l-methyl-2-ethylbenzene, 
are relatively large, it must be presumed that such 
recombination will occur readily in spite of the 
fact that the radicals involved might be expected 
to react with oxygen or to abstract hydrogen from

(16) M. Letort and M. Niclaiue, C olloq . C .N .R .S .  su r  la  C om b u stio n , 
47 (1948).

(17) M. Szwarc, J . Chem . P h is . ,  17, 431 (1949).
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the parent hydrocarbon, both present in high 
concentrations. This difficulty would be resolved 
if l-methyl-2-ethylbenzene and l-methyl-2-vinyl- 
benzene were ~o be formed by disproportionation 
of two o-xylyl radicals, e.g.

CH3C6H4CH2- +  ■CH2C6II4CH:! — >
CH3C6H4C H =C H 2 +  CH3C6H6 (10)

The concentration of o-xylyl radicals might be ex­
pected to be substantial since they are readily 
formed from o-xylene either by thermal cracking 
or by hydrogen abstraction according to reaction 1. 
Some support for this mechanism can be found in 
the work of Madorsky and Straus,18 who observed 
random chain scission of poly-p-xylene at 415°. 
Among the volatile decomposition products iden­
tified were benzene, toluene, xylene, p-methyl- 
styrene, and p-ethyltoluene.

The appearance of small amounts of diphenyl 
and dimethyldiphenyl among the oxidation prod­
ucts indicates that, even in the presence of molecu­
lar oxygen, radical recombination of phenyl and 
substituted phenyl radicals can occur to some ex­
tent. This conclusion is further substantiated by 
the occurrence of polymeric and tarry materials 
since these are visualized as resulting from the 
addition of aromatic free radicals to unsaturates 
such as ethylene or acetylene, in accordance 
with the mechanism of carbon formation suggested 
by Porter.19-21 Thus, l-methyl-2-vinylbenzene,
l-methyl-2-ethylbenzene, phenylacetylene, naph­
thalene, and anthracene can be considered as inter­
mediates in the series of steps which lead to poly­
mer formation. The successive addition of un­
saturated hydrocarbons to aromatic free radicals 
will occur with the concurrent loss of hydrogen and 
will result in the formation of a larger condensed 
ring containing an unpaired electron. The sub­
sequent condensation of such ring systems into 
even larger ones might be expected to occur quite 
readily since, in view of the mobility of the free 
electron, the steric factor for such reactions should 
be about the same as for methyl radical recombi­
nation.22

(18) S. L. Madorsky and S. Straus, J . R es . N a tl. B u r .  S id ., 55, 223 
(1955).

(19) G. Porter, ,/. I m p . C oll. E n g . S o c ., 8, 42 (1954).
(20) G. Porter, “ Combustion Researches and Reviews,”  AGARD, 

London, 1955, p. 108.
(21) G. Porter, “ 4th Int. Symposum on Combustion,”  Williams and 

Wilkins Co., Baltimore, 1953, p. 248.
(22) A. S. Gordon, S. R. Smith, and J. R. MoNesby, “ 7th Int. Sym­

posium on Combustion,”  Butterworth, London, 1958, p. 317.

Although any unsaturated hydrocarbon might 
be expected to condense with aromatic free radicals, 
acetylene addition offers the most likely path 
since the larger free radicals formed through such 
a process should be relatively stable to the inverse 
reaction. Those that result from the addition of 
ethylene, on the other hand, would be more ther­
mally unstable and might be expected to break down 
to ethylene and a small free radical. Therefore, 
more ethylene than acetylene ought to be found 
in the effluent gases and this is, in fact, what is 
observed.

C 0 /C 0 2 Ratio.— From a survey of a number of 
gas phase oxidations of paraffins, olefins, and alde­
hydes, Skirrow and Tipper23 concluded that at a 
fixed temperature the C 0 /C 0 2 ratio decreases as 
the oxygen/fuel ratio is increased and increases 
with increasing temperature provided the rela­
tive reactant concentrations are fixed.

As illustrated in Table II, these generalizations 
do not apply to the present case of o-xylene oxi­
dation—in fact quite opposite trends are observed. 
In keeping with these results, similar increases in 
the CO/CO2 ratio with increasing oxygen/fuel 
ratio are also evident from Taylor and Norrish’s 
data7 on the gas phase oxidation of benzene. It 
must be concluded consequently that the mech­
anism by which CO and C 02 are formed in the 
oxidation of aliphatics and aromatics is different. 
In view of the multiplicity of reactions which occur 
during the oxidation of aromatics, this is not un­
expected.

o-Xylcne: oxygon
T a b l e  11

CO/COs
ratio 650° (¡0(1"
1 :1 2 . J 4 .0
1 :3 2 .5 5 .2
1 :0 3 .4 7 .5
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CAGE EFFECTS AND SCAVENGING MECHxANISMS IN THE 
PHOTOCHEMISTRY OF THE IODIDE ION IN AQUEOUS SOLUTIONS

B y  Joshua Jortner, M ichael Ottolenghi, and Gabriel Stein

Department of Physical Chemistry, The Hebrew University, Jerusalem, Israel 
R eceiv ed  D ecem b er  2 8 , 1961

Scavenging mechanisms in the photochemistry of the iodide ion were investigated. The nature of the scavenged species 
is discussed. An iodine atom-electron pair is formed from the primary excited state. H + ions promote specifically the 
formation of H atoms from these electrons. H + ion and aliphatic alcohols were employed as scavengers for the H atoms. 
At high scavenger concentration a limiting quantum yield of 0.290 ±  0.005 was observed at 25° and 2537 A. independent 
of the nature of the scavenger. Application of specific scavengers made discrimination possible between H atoms and their 
precursors formed from the dissociation of the excited state of the ion. The dependence of the quantum yield on the scav­
enger concentration was found to be in agreement with general scavenging equations.

Introduction
In previous work1 the photochemistry of evacu­

ated aqueous KI solutions was investigated. The 
pH dependence of the initial quantum yield, which 
was found to be independent of I -  concentration 
and light intensity, could be interpreted ade­
quately by a diffusion controlled scavenging mech­
anism.2 The introduction of H atoms into the 
bulk was found to be facilitated by H + ions, acting 
as an efficient scavenger. However, we were 
unable to establish with certainty the nature 
of the species scavenged by the H+ ion. It was 
postulated that in the photochemical cage together 
with an iodine atom either an electron or an H 
atom is formed, and undergoes a random dif­
fusion process. It may then be captured by the 
I atom, leading to a secondary recombination, 
scavenged by H+ ion, or diffuse into the bulk.

The purpose of the present work is the investi­
gation of the nature of the fragments formed 
from the excited state of the ion. We attempt to 
discriminate between H atoms and their precursors 
by using specific scavengers. Further theoretical 
and experimental investigation of diffusion con­
trolled scavenging mechanisms is presented.

Theoretical
Diffusion-Controlled Scavenging.— Radicals pro­

duced in pairs in the liquid phase by a thermal, 
radiation-chemical, or photochemical process may 
undergo primary recombination which is kinetically 
equivalent to thermal deactivation of the excited 
state. Radicals escaping primary recombination 
may undergo secondary diffusive recombination 
with their original partners or diffuse into the 
bulk.

Various semiquantitative treatments were pre­
sented for the effects of an efficient scavenger on 
secondary recombination.2~9 The experimental 
results of our work will be treated by applying the 
general approach of Noyes.2'3 4 5 6 7

(1) J. Jortner, R. D. Levine, M. Ottolenghi, and G. Stein, J . P h y s '  
C hem ., 65r 1232 (1961).

(2) R. M. Noyes, J . A m . C hem . S o c ., 77, 2042 (1955).
(3) R. M. Noyes, ib id ., 78, 5486 (1956).
(4) A. H. Samuel and J. L. Magee, J. C hem . P h y s . , 21, 1080 (1953).
(5) J . C . Roy, R. R. Williams, and W. H. Ilamill, J . A m . C hem . S o c ., 

76, 3274 (1954).
(6) R. A. Wijsman, B u ll . M a th . B io  p h y s ., 14, 121 (1952).
(7) L. Monchick, J . C hem . P h y s ., 24, 381 (1956).
(8) II. A. Schwarz, J . A m . C hem . S o c ., 77, 4960 (1955).
(9) H. Fricke, A n n . N . Y . A ca d . S c i ., 59, 567 (1955).

The total reaction probability of the two original 
partners is given by

0' =  J7 h®  dt (D

In the presence of a scavenger capable of reacting 
with one of the radicals the probability of this 
radical being scavenged, instead of it recombining 
with another radical in a secondary geminate 
recombination, is

J7  (1 -  e - k’ [S]t)h(t) dt (2)

where [S] is the scavenger concentration and fcs 
is the long time rate constant for the scavenging 
reaction. The dependence of the reactivity on the 
“ age”  of the radicals produced2-10 was not con­
sidered in the present treatment.

The residual yield y T is defined as the quantum 
yield in the presence of the scavenger at concentra­
tion which is sufficient to prevent radical recombi­
nation in the bulk, but is too low to compete with 
secondary recombination. We denote by T the 
cross-section for radical production, i.e., the 
quantum yield of radical pairs escaping primary
recombination. Thus we set

Tr = r  1  - ■ 00 (3)

0 ' =  1 -
Tr
r (3a)

The total quantum yieid for radical scavenging 
obtained in the presence of a scavenger S at a con­
centration at which it prevents radical recombina­
tion in the bulk and competes with secondary 
recombination will be denoted by y, and given by

7 =  Tr +  r  J7  h(t)( 1 -  e~k‘ m ) dt (4)

In Noyes’ early treatment2 h(t) was introduced in 
the form

h(t) = 0  0 <  t <  4a2./0' 2 (5)
An 2

h{t) =  at~h t >  —
0 2

(10) R. M. Noyes, J . P h y s . C h em ., 65, 763 (1961).
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Substitution of (5) in (4) leads to Noyes’ formula2 

7 =  Tr +  2a.rV r k M ------- ^7 b • • • (6)

for low [S] values

7 =  7r +  arx/IST (6a)
where

a = 2a\/rnk'a

This equation yields the theoretical basis for the 
linear dependence of the quantum yield on the 
square root of the scavenger concentration at low
[S], and it was previously applied by us.1 How­
ever, at high scavenger concentrations deviations 
from linearity in the plot y vs. [S] appear.

We attempt to derive a scavenging equation 
adequate for the whole concentration region. 
h{t) is described by the continuous function3

h(t) =  at~h e-*aVirH (7)

Substitution in eq. 4 leads to the result

7 =  T (1 -  J ”  al~h e- 7ra*/li'H d<) (8) 

The Laplace transform/(fcs[S]) of h(t) is given by 

/(/cB(S]) =  f ~  e - ks[SU h(t)dt =

(9)
Thus the general expression for the quantum yield 
is obtained

7 =  r ( i  — (io)
Application of eq. 3 leads to the result

ln( 1 _ r) = hl( 1 _ r ) ~ ^ V ^  (11)
For the limiting cases eq. 10 and 11 reduce to

It is interesting to compare the results of Noyes’ 
treatment with the equation of Roy, Hamill, and 
Williams6 which is based on similar assumptions. 
Their equation can be written in the form

In 7 = A  +  B V [S I (15)
where A and B represent constants related to micro­
scopic diffusion parameters. For low [S] values
(15) is identical with (6) if

oT
A =  In 7r; B =  —  (16)

7r
All cage-scavenging models of this type lead to the 
conclusion that the quantum yield should be inde­
pendent of light intensity.

The species formed in the scavenging process 
may be a reactive radical. In the presence of 
added scavengers consecutive scavenging may 
occur, in which a species formed by the interaction 
of one of the scavengers with a radical originally 
produced reacts with a second scavenger specifically. 
To treat this mechanism we consider the general 
reaction scheme

(R i +  R 2.l1 ~^ R i R 2 7rJ (17)

(R i +  R 2) i +  Si • > (R 2 +  R S i)n K (18)

(R* +  R S i)n  - R 2 “f* R S X Tr“ (19)

(R* +  R S i)n  +  S2 — >  Products &s2 (20)
The radical pair Ri and R2 in cage I may undergo 

diffusion into the bulk with quantum yield y rl, 
or the radical R 1 may be scavenged by Si leading 
to a new radical pair in cage II. The scavenging 
of the radical RSi by S2 from cage II should be 
treated by application of the general eq. 10. As­
suming that the scavenger concentrations [Si] 
and [S2] are sufficiently high to prevent any radical 
recombination in the bulk the general expression 
for the quantum yield for the products formation 
is given by

3 <  <
/3’ 2

4 a 27rfca’

S ; 7 (12)

The general scavenging equation is reduced to 
Noyes’ equation for relatively low scavenger con­
centration. When

— Vick, [S] <  1 (13)

the exponent in eq. 10 can be expanded leading to 

( 1 - ^ ) = ^ ' ( 1 - ^ V ^ [ S ] )  (14)

leading to eq. 6.
Thus the linear dependence of 7 on \ /[S ] will 

hold for S < <  /3'2/ a 2. For typical values of a =  
1 l.Vi mole_,/2 obtained in this work Noyes’ 
relation will hold within 5% or better up to scaven­
ger concentrations of 0.171/.

7 =  7,1 +  r „ ( l  -  f i n ' e V«*s,is*l (21)
where r n , the cross-section for radical production, 
in cage II is related to T by

r „  =  r ( i  -  f t ,e - (2o>/s'')' / 'V s j  -  7rJ

fii and fin present the total reaction probabilities 
in cages I and II. 7,.1 is the residual yield from 
cage I presented by eq. 3. The residual yield 
from cage II is presented in an analogous way

7rn = r „ ( l  -  fin') (22)

In this approximation Tu depends on [Si], reaching 
at high Si concentration the limiting value (r  — 
7r:). For sufficiently low S2 concentration and 
at constant [Si] the extended form of Noyes’ 
relation is obtained

7 — 7rX +  7rn +  rn2an vV/CsJSj] (23)

This result indicates that within the framework 
of the present approximation Noyes’ relation holds
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pH.
Fig. 1.—The pH dependence of initial quantum yields. ( 1 ) Iodine and hydrogen yields in evacuated solutions. The 

pH values below pH 0 represent —log [H +], _ (2) Hydrogen yield in the presence of alcohols: • , 1  M  methanol, H2S04
solutions: + ,  1 M  isopropyl ale., H2S04 solutions; □, 1 M  isopropyl ale., 5 X  10-3  M  acetic acid-acetate buffer; ■, 1  M  
isopropyl ale., 5 X  10 ~ 3 M  sodium monophosphate buffer.

for both ordinary and consecutive scavenging 
mechanisms.

The most serious approximation involved in the 
present treatment is the assumption that 7/  is 
a constant independent of Si concentration. The 
simple treatment of scavenging from a photo­
chemical cage by Si does not discriminate between 
radicals scavenged in the bulk and in the solvent 
cage. However when consecutive scavenging is 
considered the spatial distribution of the radicals 
formed by interaction with the scavenger Si should 
be taken into account. At extremely high Si 
concentration the cross-section for the formation of 
cage II may reach the limiting value T and then the 
simple scavenging eq. 10 will be applicable and the 
residual yield will be due to diffusion from cage II.
Because of this difficulty it is not easy to determine 
quantitatively the source of the residual yield, 
which may be due to diffusion from both cages 
I and II. We have used the two limiting approxi­
mations (a), 7rJ is constant independent of Si so 
that Tn =  T — yrr; (b), 7J =  0 so that Fn =  T.
It was found that the parameter 2anVVfc is not 
very susceptible to the approximation involved.

Experimental
Photochemical experiments were carried out at 2537 A., 

using a low pressure mercury lamp. The experimental 
technique was substantially that previously used.1 Experi­
ments were carried out at 25°.

Materials and Solution.— Solutions at high acid concen­
trations were prepared by evacuation of freshly prepared 
neutral K I solutions and the acid solutions in two different 
vessels and mixing in the vacuum system. The initial I2 
concentration did not exceed 2 X  10-7  M . The pH below 
4.5 was adjusted by H2SO(. In the pH region 3.4-5.9, 5 X 
10-3  M  acetic acid-sodium acetate buffer was employed 
while at pH 7-8 ,5 X  10 ~ 3 KH 2P 0 4-N a 2H P 04 buffer was used.
At certain pH values the acetate and the sulfate systems 
were used in alternate experiments and identical results ob­
tained. Thus acetate has no specific influence on the results.
All chemicals used were of Analar grade. The water used 
was triply distilled from alkaline potassium permanganate 
and phosphoric acid. D 20  was prepared by distillation from 
alkaline permanganate followed by distillation from potas­
sium hydrosulfate (to remove traces of permanganate), and 
two final distillations.

Analysis.— The analytical procedures for the determina­
tion of hydrogen and iodine were described previously.1 
Formaldehyde was identified and determined in irradiated

aqueous methanol solutions by chromotropic acid .11 The 
deuterium content of the gas evolved from methanol-D20  
solutions was determined by mass-spectrographic analysis.

Results and Discussion
The pH Dependence of 7 , in Evacuated Solu­

tions.— In ref. 1 the pH dependence of the initial 
quantum yields, 71, in evacuated solutions was in­
vestigated in the pH region 0.6-7. In the present 
work the H+ concentration region was extended 
and experiments were carried out up to 4 A  H2SO4. 
Figure 1 curve 1 represents the dependence of 
Y i on [H+] over the whole region in the absence of 
any other scavenger. The hydrogen yields ob­
served were equal to the I2 yields. At high acid 
concentration the quantum yield reaches an upper 
limiting yield yuim =  0.290 ±  0.005 at 25°. Such 
behavior is theoretically predicted for efficient 
scavenging competing with secondary recombina­
tion. At relatively low pH the analysis of the 
bulk reactions in this system indicates1 that every 
H atom introduced into the bulk oxidizes another
I -  ion. Thus the limiting value obtained for the 
quantum yield of I2 and H2 production in this 
system leads to the value r  =  0.29 for the cross- 
section for photodissociation.

The pH Dependence of 7 i in the Presence of Ali­
phatic Alcohols.— The photochemistry of the iodide 
ion in aqueous solutions in the presence of isopropyl 
alcohol and methanol was investigated. These 
aliphatic alcohols were chosen, as recent radiation 
chemical investigations indicate that they act as 
specific scavengers for hydrogen atoms.12 The 
initial quantum yields for H2 evolution from these 
solutions were found to depend on pH and alcohol 
concentration (Fig. 1, 2, 3). Figure 1 curve 2 
represents the pH dependence of the initial quan­
tum yields for H2 evolution investigated over a wide 
pH region in the presence of aliphatic alcohols. 
These results were obtained at high alcohol con­
centration where the quantum yield is independent 
of this scavenger concentration. Identical results 
were obtained in 1 M  methanol and 1 M  isopropyl

(11) C. E. Bricker and H. R. Johnson, I n d . E n g . C h em ., A n a l .  E d .t 
17, 400 (1945).

(12) J. T. Allan and G. Scholes, N a tu re , 187, 218 (1960).
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t, min.
Fig. 2.— Hydrogen yields in isopropyl ale. solutions: (1) 

1.01 M  isopropyl ale., pH 1.72; (2) 2.i X 10“ 3 il/ isopropyl 
ale., pH 2.92; (3) 1.01 X 10~z Hf isopropyl ale., pH 1.72; 
(4) 1.45 X 10” 3 M  isopropyl ale., pH 2.92; (5) 1.4 X 10~ 4 M  
isopropyl ale., pH 2.92.

Fig. 3.— Hydrogen yields in methanol solutions: (1) 1 Hi 
methanol, pH 2.92; (2) 0.22 M  methanol, pH 2.92; (3) 
0.022 M  methanol, pH 2.92; (4) 0.01 M  methanol, pH 2.92.

alcohol solutions. Experiments carried out in 
H2SO4 solutions and in the presence of 5 X 10~3 
M  acetate buffer did not reveal any specific anion 
effect on the mechanism of H2 evolution in the pres­
ence of alcohols.

The pH dependence of the initial H2 yields in this 
system indicates that these aliphatic alcohols may 
act as efficient scavengers only at relatively low 
pH. At pH <  2 the yield is independent of H + 
ion concentration, and total scavenging occurs 
yielding the limiting value 0.29 ±  0.01 which is 
identical with the yield in evacuated solutions at 
high acid concentration.

The pH dependence of 7 (Ha) in the presence of 
an efficient scavenger for H atoms cannot be re­
conciled with any mechanism involving a direct 
H atom formation from the excited state of the 
ion.1314 These experimental results can be ex­
plained only if we assume the presence of two forms 
of “ H atoms”  formed in the photochemical system.1 
The acid form present at pH <  2 efficiently dehy­
drogenates the aliphatic alcohols while the other 
form does not, and reacts with the iodine atom 
leading mainly to a back reaction in the solvent

(13) T. Rigg and J. Weiss, J . Chem . S oc ., 4148 (1952).
(14) .J. Franck and F. Haber, S itzber. p reu sei A k a d . W is8 i P h y s ik i  

M a th . K la ss e , 250 (1931).

cage. Thus with decreasing pH the nature of the 
species available to the aliphatic alcohol is changed. 
These conclusions are consistent with the scheme 
for consecutive scavenging.1

hv
I - aq ■— > I _aq* — >

H+
( I +  e)i — > (I +  H )„  (24)

where ( ) represents the solvent cage where particles 
may undergo secondary recombination.

In this scheme it is assumed that the atomic 
hydrogen precursor formed by the dissociation of 
the excited state of I -  is an electron, which does 
not lead to dehydrogenation of the aliphatic 
alcohol. This electron can undergo a secondary 
recombination process with the iodine atoms in the 
solvent cage I, or be scavenged by a H+ ion yield­
ing a hydrogen atom, resulting in the formation 
of cage II. It will be shown later that the quantum 
yield for the processes in which H atoms as such 
are scavenged is also independent of light intensity. 
This shows that cage type recombination exists 
between I and H too and that the distribution of H 
atoms is not homogeneous. The pH dependent 
yield at high alcohol concentration represents the 
efficiency of electron scavenging by H + from cage 
I. This pH dependence of 7 , (curve 2, Fig. 1) 
was analyzed according to the general scavenging 
mechanism. The experimental results were found 
to be in agreement with eq. 11. These results 
presented in Fig. 4 yield a support for the scaveng­
ing mechanism. From Fig. 4 we obtain for the 
scavenging reaction of electrons by H + ions

— vVfcn-. + e =  85 m ole-Vl V f\ 0' =  0.725 and

hence yr =  0.08 ±  0.005 and
2a V /irfcH+ + e =62m ole~I/21.1/2

Application of the square root plot according to 
eq. 6 leads to a lower value of 2aVVfcH+ + e = 
30 ±  10 mole_1/2 l._1/2. The difference obtained 
between these two treatments will be discussed.

Dependence of 7 , on Alcohol Concentration.—  
Hydrogen atoms formed in cage II can be scavenged 
by any efficient scavenger for H  atoms. To get a 
further insight into this reaction mechanism the 
dependence of the quantum yield, 7 i( H 2), on the 
concentration of methanol and isopropyl alcohol 
was investigated. These results are presented in 
Fig. 5.

The dependence of the quantum yield on meth­
anol concentration at constant pH indicates that 
down to 0.2 M  methanol the quantum yield is inde­
pendent of the scavenger concentrations. At 
lower concentrations the quantum yield decreases, 
indicating the effect of secondary recombination. 
The gerneral mechanism for this system is 
in the form

(I +  e)i — > I +  e (25)

(I +  e)i +  H+ -— >  (I +  II)n (26)

(I +  H )„  — > I +  H (27)
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(I +  e)i — > I -  (28)

(I  +  IT )ii — >  I "  +  11+ (29)

(I +  H)n +  RH — >■ I +  R +  H2 (30)

(I +  H)n +  H+ — ► 1 +  H+ +  H (31)

H+ +  e — >  H (32)

H -f- RH *■ R -)- H2 (33)
reactions 28 and 29 represent secondary recombi­
nations in the solvent cage. The residual yield is 
due to reactions 25 and 27. The scavenging re­
action 30 leads to the formation of H2. These 
results will be treated by application of a general 
equation for consecutive diffusion controlled 
scavenging.

Scavenging of H Atoms by Methanol and 
Isopropyl Alcohol.—-The dependence of the quantum 
yield on methanol concentration is interpreted in 
terms of H atoms scavenging from cage II. In Fig. 
6 the experimental results are plotted according to 
the scavenging equations. From the extended 
Noyes relation (23) we obtained yd +  yd1 = 
0.08 ±  0.005 and rn2an\/7r/ccH30H + h  = 0.45 
mole~1/21.’/*. At pH 2.9 the yield is 0.260 and by 
setting y,I =  0.08 obtained from Fig. 4 we get Fn 
=  0.26 — 0.08 =  0.18. Hence we obtain 2an x
V 7rfccHsOH +  h  =  2.5 mole- 1/21.~1/!.

The general consecutive scavenging equation (21) 
was applied in the form

2 a n  v'TrfccHsOH +  H [C H 3OPI ]

withy,! =  0.08 and Fn =  0.18. This treatment leads 
to fin' =  1 and 2an\/-irkji + cmoH =  3.8 mole~1//! 
1!/2. A similar treatment for the scavenging of 
H atoms by isopropyl alcohol leads to fin' =  1; 
2a i i V x f c c H sCH0HCH3 +  h  =  20 mole“ 1/2 lA 2. The 
result fin' =  1 indicates that the scavenging of 
the electron by H+ to give an H atom has not 
significantly changed the probability of recombi­
nation in cage II. However this result does not 
mean that the residual yield from cage II is zero, 
since we have set Tn = F — yd in the present ap­
proximation.

Consecutive Scavenging by H+ Ions.—H+ ions 
act in this system as scavengers in two consecutive 
steps. In the first step hydrogen atoms are formed 
in cage II through electron capture by H+ ions 
(eq. 17). The effect observed in the pH region 2.5-6 
in the presence of organic scavengers is due to this 
(curve 2, Fig. 1). A pH dependence in evacuated 
solutions in the absence of organic scavengers 
(curve 1, Fig. 1) is observed in the pH region below 
pH 2.5. This pH dependence is interpreted in 
terms of H atom scavenging by hydroxonium ions,1 
given schematically by eq. 31. The scavenging of 
H atoms by H+ ions takes place in the pH region 
where complete scavenging of cage I has occurred 
already.

Fig. 4.— The dependence of t (H2) on V [H +] according to 
eq. 1 1 .

Scale for curve 1. [isopropyl alcohol] mole l . _1.
2 X 10"» 4 X 10-3 i o -2 i

10-3 3 X 10-3 5 x  10-3 10“ i

Scale for curve 2. [CHaOH] mole liter l.
Fig. 5.— Dependence of t(H2) on alcohol concentration: (1 

• , isopropyl ale. solutions; (2) o ,  methanol solutions.

Fig. 6.— Scavenging equations for H atoms. Scavenging by 
methanol: (1) extended N oyes’ eq. 23; (2) eq. 21.

It was shown1 that the experimental results can 
be represented adequately by the Noyes relation. 
The parameters previously obtained1 have to be 
interpreted in terms of eq. 23, setting Tn =T  — 
yd = 0.21. Similar results have been obtained 
by application of the Roy-Hamill-Williams equa­
tion (Fig. 7). At high H+ concentration (pH <  0.7) 
deviation from Noyes’ relation was observed1 which 
is due to the inadequacy of eq. 23 at high scavenger 
concentration. The experimental results over the 
whole H+ concentration region were adequately
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■y/[H +] mole1/ 1 liter“ 1/ 1.
Fig. 7.— Roy-Hamill-Williams plot for scavenging of H 

atoms by H + ions.

Fig. 8 .— General equation for consecutive scavenging by H + 
ions (eq. 35): (1 ) y ri =  0.08; (2 )  7 ,1  =  0.

represented by the consecutive scavenging equation

( l~  F 3 ^ i )  =  0« '  ~

^ V r f H+H+ [H+] (35)
Pii

Two limiting approximations were applied for 
the treatment of eq. 35. (a) It was assumed that
the residual yield Yr1 is given by its maximum value 
of 0.08. This treatment is analogous to that in the 
presence of alcohols, (b) As the experiments con­
sidered were carried out in the low pH region where,

as indicated by Fig. 3, H + completely scavenges 
cage I we set yrT = 0. This is equivalent to the 
assumption that the cross-section for cage II is 
T, and eq. 35 is reduced to eq. 11.

The results obtained from these treatments (Fig.
8) are presented in Table I. The two limiting 
approximations of eq. 35 yield identical scavenging 
constants. However these results do not make 
possible the identification of the source of the resid­
ual yield.

T a b l e  I
S c a v e n g in g  D ata  ? o r  th e  R e a ctio n  H  +  H  +

2a-\/ wkn + h + ,
Eq. mole '/-  l.1/ 2 Y r 1 +  Y r 11 3 n '
23 1 .5 7 0 .0 9 2  ±  0 .0 03
15 1 .2 0 .1 0 0  ±  0 .0 1
35 2 .6 1
11 2 .5 5 0 .8

The inspection of the results obtained for H 
atom scavenging by H + and methanol indicates 
that the rate constants /ch + h+ and /ch + MeOH are 
comparable. Application of the “ absolute” rate 
constant15 fcH + MeOH =  1051. mole-1 sec.-1 obtained 
from radiation chemical study at low pH leads to 
the estimation f e  + H - = 5 X  104 1. mole-1 sec.-1, 
lower than our previous tentative estimation.1

The scavenging reaction 31 may proceed by the 
formation of H2+

(I +  H)n +  H+ -—■> I +  H2+ (31a)

or alternatively by a charge transfer from H to H + 1

(I +  H)n +  H+ — > I +  H+ +  H (31b)

leading to the separation of H and I which is 
kinetically equivalent to scavenging.

In a previous work1 we attempted to discard 
the mechanism involving H2+ formation as it was 
previously shown that this reaction is a relatively 
slow process.16 The kinetic treatment presented 
in that work16a involves a homogeneous kinetic 
treatment1*  that leads to a lower limit for the 
rate constant,1611'0 which may be underestimated 
by one order of magnitude. Thus the reaction 
mechanism 31a cannot be definitely excluded.17

Scavenging Mechanism by the Aliphatic Alco­
hols.—Hydrogen atoms will react with aliphatic al­
cohols by hydrogen atom abstraction. The scaveng­
ing mechanisms by the two alcohols will be pre­
sented in the form

(I +  II) +  CH3OH — > I +  CH2OII +  H2 (36)
(15) J. Rabani, J . P h y s . C h em ., 66, 361 (1962).
(16) (a) G. Czapski, J. Jortner, and G. Stein, ib id ., 63, 1769 (1959); 

(b) 65, 956 (1961); (c) 65, 960 (1961).
(17) The charge transfer mechanism (31b) requires that in acid 

solutions, deuterium atoms should exchange with water at a rate 
which is at least as high as &h + H+ observed in this work. The avail­
able experimental data show that this exchange reaction is slow. (T. 
W. Davis, S. Gordon, and E. J. Hart, J . A m . C h em . S o c ., 80, 4487 
(1958); H. L. Friedman and A. H. Zeltman, J . C h em . P h y s . , 28, 878 
(1958); K. C. Kurien and M. Burton, Summary of Proceedings of the 
Fourth Informal Conference on the Radiation Chemistry of Water, 
University of Notre Dame, Indiana, 1961.) The lack of exchange in 
the case of H2+ may be resolved, e .g ., by assuming that in the species 
usually referred to as the solvated hydrogen molecule ion the protons 
are not equivalent.
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T a b l e  I I
I n it ia l  Q u a n tu m  Y ie l d s  in  E v a c u a t e d  K I So lu tio n s  in  t h e  P r e se n c e  o f  A lco h o ls . [ I - ] =  0.15 M

System Concn., mole l. “1 pH 7(10 7  (HO 7(CH20)
Isopropyl ale. 1 2.05 IO- 3 0.28 ±  0 .0 1
Isopropyl ale. 1 3.40 IO“ 3 .24 ± .0 1
Isopropyl ale. 4 .3 X 10” 3 2.92 6 X  10- 3 .26 ± .0 1
Methanol 2.2 X  10“ 1 2.92 1 0 - 2 .26 ± .0 1 0.27 ± 0 .0 2

(I +  H) +  C H 3C H O H C H 3 — >•
OH
I

CH3CCH3 +  II2 +  I (37)

Very low I2 yields are obtained in the presence 
of alcohols. These results are summarized in 
Table II.

The low y values for I2 production are due to 
back reactions.

In methanol solution the radical CH2OH formed 
acts as a reducing agent in the reactions leading 
to the formation of formaldehyde.

CH2OH +  I — >  CH20  +  H+ +  I -  (38) 

CH2OH +  I2 — >
CH20  +  H+ +  I +  I -  (or I2-) (39)

The presence of formaldehyde in irradiated 
methanol solution was confirmed by analysis 
with chromotropic acid. The quantum yield of 
CH20  in this system yields

7 (H2) =  7 (I*) +  t (CH20)

The experimental results lead to a reasonable ma­
terial balance.

The Effect of Monophosphate Ion in the Presence 
of Alcohols.—An interesting influence of the H2P 04~ 
ion on the reaction mechanism was observed in 
neutral solutions. At pH 6.25 we find 7 (H2) =  
0.05 in 1 M  isopropyl alcohol solution in the pres­
ence of 5 X  10~3 M  KH2P 0 4. This value is higher 
than t (H2) =  0.033 obtained at this pH in the 
absence of the monophosphate ion. In the same 
system at pH 5.92 in the presence of 1 M  KH2P 0 4 
we obtain 7 (H2) =  0.23 compared with 7 (H2) =  
0.040 in the absence of monophosphate. These 
preliminary results indicate a specific effect of the 
monophosphate ion on the mechanism of the con­
version of electrons of PI atoms.

The Nature of the Residual Yield in the Presence 
of Alcohols.— The quantum yield 7 (H2) obtained in 
1 M  alcohol solutions at pH >  6 is much lower than 
the value 0.08 expected for the residual yield from 
the semiquantitative treatment of the scavenging 
mechanism. These results indicate that the species 
diffusing into the bulk are not efficiently scavenged 
by alcohols. Thus we conclude that the residual 
yield in the neutral pH region consists mainly of 
electrons diffusing into the bulk. The conversion 
of a small fraction of these electrons to H atoms, 
scavenged by the alcohols, may occur through the 
bulk reaction 32 or, alternatively, may involve a 
dissociative electron capture by H20 18 leading to

(18) D. M. Lea, “ Action of Radiation on Living Cells,“  Cambridge 
University Press, 1947.

H and OII~aq. The experimental data available 
in this pH region are not accurate enough to make 
a discrimination between these two processes pos­
sible. However, the small value of 7 (H2) in this 
region indicates that these reactions are not efficient. 
In alkaline solutions at pH 14 the quantum yield 
in the presence of 1 M  methanol or isopropyl 
alcohol was found to be less than 0.005. Similar 
results on the effect of alkali on the residual yield 
were obtained by Norrish and Edgecombe.19

Photochemistry of I~ in the Presence of Methanol 
in D2 0 .—The decrease of 7 (H2) with decreasing 
methanol concentration at constant pH is attri­
buted to secondary recombination of I and H atoms. 
A further support to the assumption that this 
decrease is not due to bulk recombination reactions 
was obtained from experiments in D20 . The iso­
topic composition of the gas produced by irradiation 
of I -  in 98% D20  in the presence of CH3OD is 
presented in Table III.

T a b l e  III
P h o to c h e m istr y  of 0 .15 M  K I in  9 8 %  D 20  in  t h e  P r e s ­

e n ce  o f  CHjOD. ITSOi =  1.4 X  IO" 3 N
CHiOD, y  in y  in HD, Hs, D.,

M DsO H2 0 % % % (H/D)„
0.22 0.33 0.260 89.8 9.6 0.6 1.22
0.055 0.22 0.185 91.7 7.3 1 1.10

These results indicate that the quantum yields 
for gas evolution in D20  are higher than in H20. 
The results for ordinary water are presented for 
comparison in the third column of Table III. 
These conclusions were confirmed by a detailed 
investigation of the photochemistry of I -  in D 20 .20 
In D 20  a similar dependence of y  on methanol con­
centration as in H20  was observed. The main 
gaseous product is HD in agreement with the pro­
posed scavenging mechanism by methanol. These 
results provide a further support for the cage effect 
in this system, ruling out the possibility that the 
decrease of y  is due to bulk recombination re­
actions. The minor content of D 2 rules out any 
appreciable contribution of D atom recombination 
in the bulk. The increased H content in the 
gaseous phase compared to the hydrogen content 
of the solution is due to the photochemical 
isotope effect.21’22 The results presented in Table 
III yield an isotope separation factor S =  (D /H )i x  
(H /D )g of the order of 5 in qualitative agreement 
with previous results.

The Applicability of the Scavenging Equations.—
The experimental results of the present work can

(19) R. G. W. Norrish and F. H. C. Edgecombe, P r o c .  R o y .  S oc. 
(London), A253, 154 (1959).

(20) J. Jortner, M. Ottolenghi, and G. Stein, to be published.
(21) A. Farkas and L. Farkas, T ra n s. F a ra d a y  S o c ., 34, 1120 

(1938).
(22) J. Jortner and G. Stein, J . A p p l .  R a d ia tio n  an d  I so to p es , 7 , 198 

(1960).
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Fig. 9.— General analysis of some thermal and photochemical scavenging reactions: I, II, photolysis of azo-bis-
isobutyronitrile25; I, eq. 6 ; II, eq. 11; III, IV, thermal decomposition of acetyl peroxide23; III, eq. 6 ; IV, eq. 11.

be interpreted in terms of scavenging mechanisms 
of two distinct species; the H atom precursors, 
(which presumably are electrons) and the genuine 
H atom. The treatment of the scavenging re­
action by application of eq. 6 and 11 leads to some­
what differing results. The application of the 
Noyes relation (6) leads to results for the param­
eter 2a\/wk which are 30-50% lower than the 
results obtained from the more general eq. 11. 
In order to investigate this point further, the avail­
able literature,23-27 which can be interpreted in 
terms of radical scavenging competing with secon­
dary recombination of a radical pair, was treated 
by application of eq. 6 and 11. These results in­
clude the photolysis of azo-bis-isobutyronitrile26 and 
the thermal decomposition of acetyl peroxide.23b 
The experimental results for the photodissociation 
of the trihalide ions23a were not applied as the value 
of T is not available. These experimental results 
are reproduced in Fig. 9 and in Table IV.

The scavenging parameters obtained for these 
two systems show the same trend as indicated by 
our results. We attribute the discrepancy be­
tween the results of eq. 6 and 11 to the approxi­
mations involved in our treatment. It was as­
sumed that the reactivity of the radicals with the 
scavenger is independent of the time since its for­
mation. However the rate constant °k applicable 23 24 25 26 27

(23) (a) J. C. Roy, W. H. Hamill, and R. R. Williams, J . A m . Chem . 
S o t., 77, 2953 (1955); (b) J . P h y s . Chem... 60, 823 (1956).

(24) D. L. Banbury, R. R. Williams, and W. H. Hamill, J . A m . 
C h em . S oc., 78, 6228 (1956).

(25) J. C. Roy, J. R. Nash, R. R. Williams, and W. H. Hamill, ib id ., 
78, 519 (1956).

(26) J. R. Nash, R. R. Williams, and W. H. Hamill, ib id ., 82, 5974
(1960) .

(27) H. A. Gillis, R. R. Williams, and W. H. Hamill, ib id ., 83, 17
(1961) .

T a b l e  IV
A pp l ic a t io n  op E q u atio n s  11 an d  6 to  

D if f u sio n -C ontp.olled  Sc a v e n g in g  P rocesses
2a vtrfa,

molo'A I - 1/2
System Scavenger r /S' Tr Eq. 6 Eq. 11

Photolysis of Azo-bis-iso­
butyronitrile in benzene 
soln. (ref. 25) I2 1 ~1 0 03 1.2 1.8

Thermal decomposition of
acetyl peroxide in tolu­
ene soln. (ref. 23b) I2 1 0.08 0.915 0.17 0.29

to the initial reactivity and the long-time rate 
constant k are related by2’10

k =  °fc(l -  ¡3') (40)
For the scavenging mechanism in the case of the 

iodide system we find = 0.7. Thus the scaveng­
ing rate constant decreases by a factor of 3 until its 
final long-time value is reached. The Noyes re­
lations 6 and 23 are applicable for low scavenger 
concentration in the region where the long-time 
rate constant can be applied. On the other hand 
the slope of the curve obtained by application of 
eq. 11 is mainly determined by experimental 
results at high scavenger concentrations. This 
procedure leads to higher values of the scavenging 
rate constant. As this complication was not taken 
into account in the present work the treatment 
should be regarded as semiquantitative and the 
scavenging parameters as approximate.

The treatment presented in this work did not 
take into account ionic effects on reaction rates 
between the scavengers and the species scavenged. 
As this latter may be the negatively charged 
electron, the distribution of ionic scavengers and 
the presence of added ions may be of some influence.
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THE EFFECT OF NITROUS OXIDE AND THE NATURE OF INTERMEDIATES 
IN THE PHOTOCHEMISTRY OF THE IODIDE ION IN AQUEOUS SOLUTION

By Joshua Jortner, M ichael Ottolenghi, and Gabriel Stein

Department of Physical Chemistry, The Hebrew University, Jerusalerr-, Israel 
R eceiv ed  D ecem ber  2 8 , 1961

The nature of the intermediates formed from the excited state of the I “  ion was considered. The scavenging mechanism by 
N20  was investigated. Nitrous oxide was found to act as a specific scavenger for electrons. Semiquantitative treatment of 
the scavenging mechanisms is carried out. Chemical evidence for the transient formation of electrons in the photochemical 
system is presented. The mechanism of radical formation by the dissociation of the excited state is discussed.

Introduction
In the preceding paper1 we investigated the 

photochemistry of KI solutions over a wide pH 
region in the presence of specific scavengers. The 
experimental results could be adequately inter­
preted in terms of a consecutive scavenging model. 
H+ ions act as scavengers for electrons formed from 
the dissociation of the excited state. They yield 
H atoms which can be scavenged by H + ion or by 
organic solutes, e.g., aliphatic alcohols.

In the present work we investigated the nature 
of the intermediates formed from the excited state. 
Nitrous oxide was used by Dainton, et al-A 3 in a 
recent radiation chemical2 and photochemical 
investigation3 in an attempt to discriminate be­
tween various forms of H atoms. The experi­
mental results were interpreted by these authors3 
by assuming that nitrous oxide is inert to H2+ but 
reacts rapidly with H atoms. These conclusions 
are at variance with a recent kinetic analysis of 
the reactivity of H atoms in aqueous N20  solutions,4 
which suggests that N20  actually acts as a specific 
scavenger for solvated electrons. A further in­
vestigation of this problem appeared desirable.

The experimental results presented in the pres­
ent and the preceding work make possible a further 
insight into the mechanism of the utilization of the 
optical excitation energy in a chemical radical 
forma tion process.

Experimental
The photochemical experiments at 2537 A. were performed 

as described in previous work.1'5 All experiments were car­
ried out at 25°.Procedure.— N20-contaming solutions were prepared by 
evacuation of the neutral K I solution and the separate con­
tainer containing sulfuric acid as previously described. The 
branch containing the reaction vessel and the acid container 
were isolated from the vacuum system. The N20  gas used 
was a Matheson product. The gas was purified from traces 
of 0 2 by freezing several times in a liquid air trap and pump­
ing the uncondensable gases. Finally the liquid air trap 
was removed and the pressure of the gas was measured by a 
mercury manometer or a McLeod gage. Then the photo­
chemical branch was connected to the vacuum line contain­
ing the purified N20 .

An equilibration during 2-3 hours was carried out, the 
solutions in the reaction cell and the acid container being 
strongly stirred by Teflon coated magnetic stirrers. The 
partial pressure of the N20 , P-$,o, was calculated from the

(1) J. Jortner, M. Ottolenghi, and G. Stein, J . P h y s . Chew ,., 66, 2029
(1962).

(2) F. S. Dainton and D. B. Peterson, N a tu re , 186, 878 (I960).
(3) F. S. Dainton and S. A. Sills, ib id ., 186, 879 (1960).
(4) G. Czapski and J. Jortner, ib id . , 188, 50 (1961).
(5) J. Jortner, R. Levine, M. Ottolenghi, and G. Stein, J . P h ys.

Chem., 65, 1232 (1961).

volume ratio of the isolated branch and the vacuum line. 
The acid was added to the reaction cell before irradiation.

The pressure of the gas evolved from irradiated solution 
was determined by a McLeod gage. The water vapor in 
the system was condensed in a C 02-acetone trap and the 
N20  in a liquid nitrogen trap. The composition of the gas 
was determined by simultaneous measurement of the pres­
sure by Pirani and McLeod gages. The composition of the 
gas was determined by calibrating the Pirani gage with N2-  
Ho mixture. N20  concentration was calculated from avail­
able solubility data.6

Results
Photochemistry of Aqueous Neutral KI Solutions 

in the Presence of N2 C.— In the present work a 
previous investigation3 of the photochemistry of 
the iodide ion in the presence of N20  was extended, 
in an attempt to use nitrous oxide for establishing 
the nature of the species produced, and for a further 
test of the scavenging mechanism. The depend­
ence of the quantum yield in neutral unbuffered 
solutions (pH 6) on I -  and N20  concentration was 
investigated. The initial yields are presented in 
Table I and the complete curves in Fig. 1. The 
gas evolved from the irradiated neutral solutions 
was found to be pure N2, at pH 6 and P n ,o = 
640 mm., y(N2) =  0.29 ±  0.01. Thus y(N 2) = 
7 (1*), confirming previous results.3

T a b l e  I
P h o to ch em istry  o f  I -  in  N20  So lu tio n s  a t  pH 6 

Temp., 25° ; light intensity J =  1.5 X 10~6 eins. I. - 1  sec.~:
P  N2O,
mm. Cn20, M  I - ,  M  7¡

644 2 0 X 1 0 --2 0.15 0.295 ±  0 005
500 1 58 X 1 0 --2 .15 . 293 =b .005
491 1 55 X 1 0 --2 . 15 .290 ± 005
427 1 35 X 10 -2 . 15 .294 ± .005
250 7 9 X 1 0 -- 3 . 15 . 290 ± 005
147 4 65 X 1 0 -- 3 .15 .290 ± 005
92 2 9 X 1 0 -- 3 . 15 .265 ± .005
45 1 42 X 1 0 -- 3 . 15 . 235 ± 005
23 7 3 X 10 - 4 .15 .219 ± 004
4 6 1 45 X 1 0 -- 4 .15 .161 ± 003
0 04 1 26 X 1 0 --6 .15 .092 ± 002

525 1 65 X 1 0 --2 1 X 10“ 3 .28 ± 03“
525 1 65 X 1 0 -- 2 5 X 10“ 3 . 286 ± 005
525 1 65 X 1 0 --2 1.5 X  10“ 2 .290 ± 005
525 1 65 X 1 0 --2 3.7 X 10“ 2 .290 ± 005

° 7  corrected for incompbte light absorption.

However, these results show that the quantum 
yield is independent of the I -  concentration over 
a wide region, indicating that the iodide ion does

(6) A. Seidell, “ Solubilities of Inorganic and Organic Compounds,”  
Supplement to the third edition, D. Van Nostrand, New York, N. Y., 
1955.
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Fig. 1 .— The dependence of I2 production at constant light 
intensity on N20  concentration; J — 1.5 X 10-6 einstein 
l . “ 1 sec.-1: O, N20  =  1.6 X 10-2 M ; □ , N20  =  7.3 X  10-* 
M ) 0 ,  N20  = 1.45 X 10~l M;  + ,  N20  =  1.26 X  10“* M.

not take part in the primary radical formation proc­
ess. This result is in variance with previous sug­
gestions.3

At high N20  concentration a limiting constant 
quantum yield independent of the scavenger con­
centration is obtained. This value r  =  0.293 at 
25° and 2537 A. is identical with the limiting 
quantum yield obtained in other scavenger sys­
tems.1-7

As indicated by our previous results for the 
scavenging reaction in the presence of alcohols,1 
these specific scavengers for H atoms are not ef­
ficient in the neutral pH region (pH >  4). In this 
pH region H + ions are not present in sufficient con­
centration to serve as efficient scavengers for elec­
trons, and thus H atoms are not produced. We 
thus conclude that the limiting yield obtained in 
the presence of N20  in neutral solutions arises from 
the scavenging by N20  of the precursors of H atoms, 
i.e., electrons, formed from the dissociation of the 
excited state. The reaction mechanism in neutral 
NoO solutions is presented in the form

( I  +  e )i +  N 20  — ► I  +  N 2 +  0 -  (1)

For energetic reasons the back reaction between
O-  and I is unfavorable in aqueous solution. The 
sum of the electron affinity of 0  and hydration

(7) The limiting quantum yield in neutral solutions reported in ref. 3 
is 0.16. In ref. 3 the wave lengths range was 2000-2600 A. (light source 
and the temperature not specified). We have found a quite sub­
stantial temperature effect on the limiting quantum yield. At 10° 
we find T -* 0.20.

energy of O-  (165 kcal.)8 is higher than the cor­
responding sum for I (147 kcal) ,8

At pH below 10, O-  is effectively converted into 
an OH radical by

O - +  H20  — > OH +  O H - (2a)

or O - +  H+ — >  OH (2b)

The OH radicals thus formed act as an efficient 
oxidizing agent for I -  9 by a diffusion controlled 
reaction

OH +  I -  — >  I +  O H - (3)

The equivalence of the quantum yields for nitro­
gen and iodine production is consistent with this 
mechanism.

Dependence of y (I2) on N20  Concentration at
pH 6 .—In the concentration region below CnsO =
3.14 X 10- 3 mole l.-1 the quantum yield in N20  
solutions at pH 6 is found to be dependent on N20  
concentration (Table I). This effect is attributed 
to the competition between the scavenging re­
action and secondary recombination of the iodine 
atom and the electron in the solvent cage. The 
experimental results were analyzed by application 
of the general scavenging equation1

^ V 7 r f c (N«O +  e)[N20 ]  (4)
Pi

Figure 2 shows that the experimental results are 
consistent with eq. 4 over the whole concentration 
region. These results for electron scavenging by 
N20  are compared in Table II with our previous 
results1 for electron scavenging by H +. The 
agreement betv/ccn the values of yrT in both cases 
shows the consistency of the treatment for two dif­
ferent scavengers. Assuming that the two scaveng­
ing processes involve the same radical pair, the 
results of Table II give the rate constant ratio for 
scavenging by H+ and N20  /cH++e/fcN!0+e =  5.

T a b l e  I I
K in e t ic  D a t a  f o r  E lec tro n  S c a v e n g in g

2ai ,—  
fh'Vrka

Scavenger system mole-1/2 l. '/i  <yrI
H  + ,  1  M  alcohol soln. 8 5  0 . 7 2 5  0 . 0 8  ±  0 . 0 0 5

N 20 ,  p H  6  3 8  0 . 7 5 9  0 . 0 7  ± 0 . 0 0 5

Effect of Light Intensity in the Presence of N2 0 .
— The dependence of y (I2) on light intensity in 
neutral solutions containing N20  is important for 
establishing the reaction mechanism, making possi­
ble the discrimination between ordinary bulk 
kinetics and diffusion controlled cage scavenging. 
The results presented in Table III indicate that

(8) Heats of solution are taken from Latimer, Pitzer, and Slansky, 
J . C h em . P h y s . , 7, 108 (1939), the heat of solution of 0 “  taken to be 
equal to that of OH“ . Electron affinities from H. O. Pritchard, 
C h em . R ev ., 52, 529 (1953).

(9) C. B. Senvar and E. J. Hart, P r o c .  2n d  I n i .  C o n f. P e a c e fu l  U ses  
A t . E n er g y , 29, 19 (1958).
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7 i ( I 2) is independent of light intensity over a 
rather wide range.

T a b l e  I I I
D e p e n d e n c e  o f  71( 12) on  L ig h t  I n t e n sit y  a t  pH  6 

[I-] =  0.15 M
Tid.) 7¡d!)

J, [NsO] = 1.7 X 10-2 [N2O] = 1.42 x 10
einstein 1. - ‘ sec._1 M M
15.0 X IO- 7 0.292 0.240
12.35 X 10-’ .298 .235
6.05 X 10 .294 .236
1.78 X 10“7 .288 .230

Mean value .293 ±  0.005 .235 ±0 .005

Any bulk mechanism will assign the reduction of 
the quantum yield below the limiting yield F to 
the competition between the recombination re­
action of I atoms and the reducing radical in the 
bulk and the scavenging of the radical by N20. 
This will lead to the dependence of 7 on light in­
tensity in the N20  concentration region where 
7 <  0.29. The experimental results at N20  =
1.4 X 10~3 mole l.-1 are in variance with this con­
clusion, yielding a strong support to the assumption 
that the decrease of 7 (E) with decreasing N20  con­
centration is due to recombination in the cage.

The pH Dependence in N20  Solution.—The pH 
dependence for I2 formation in N20  solution at 
CW} =  0.01 M  is presented in Fig. 3. This pH 
dependence is qualitatively similar to that pre­
viously observed.3 In the present case initial 
yields arc presented. When the pH is decreased 
below 3 a lowering of the quantum yield is ob­
served, rising again to the limiting yield at high 
acid concentration. This behavior is in complete 
agreement with the general mechanism involving 
H atom formation by electron scavenging by H+. 
In the pH region below 3 both H+ and N20  act 
as efficient scavengers for the cage (I +  e)i. Thus 
in the low pH region parallel scavenging occurs by 
both scavengers.

The general reaction mechanism in N20  solutions 
will be presented in the form

(I +  c)i +  N20  -—> I +  OH +  N2
^NjO + 0 (1)

(I +  e)i — >  I +  e 7rr (5)

( I  +  e )i +  H +  — ■> ( I  +  H ) „  kH+ + e (6)

(I +  H)n +  H + — > I +  H + +  H
/iH+ + n (7)

(I +  H )„  — > I +  H 7rn (8)

When the pH is decreased below 3 the radical pair 
(I +  H)n is formed, in the solvent cage. In the 
absence of an efficient scavenger for H atoms they 
will undergo a secondary recombination lowering 
7 below the limiting value T. It is assumed (and 
will be further discussed) that N20  is a poor scav­
enger for H atoms. An increase of 7 (E) is ob­
served at pH <  2 as the H+ concentration increases, 
reaching a value sufficient for efficient scavenging 
of H atoms by FI+ ions.1 These results can be

Fig. 3.— The pH dependence of 7 (h ) in the presence of 
1.6 X 10- 2 M N 2O: open circles, experimental data; solid 
curve, calculated from eq. 1 2 .

quantitatively accounted for by considering a 
general model for parallel scavenging.

Parallel Scavenging Model.— We consider a 
system where i  =  1 . . . n efficient scavengers react 
with a radical undergoing secondary recombina­
tion. The parallel scavenging reactions are pseudo 
first order with rate constants fcsJSi]. Applying 
the general considerations presented in previous 
work1 the quantum yield for the depletion of the 
scavenger Si will be given by

1 d [S j ] _  fcBi[Si]
J dl E fe i[S i]U

i =  1. . . to
S'e-(2a/p') vVxfeiisiD (9)^ t = 1 . . .  TO V J

Parallel Scavenging by N20  and H+.— The pH
dependence of the quantum yield of iodine produc­
tion at relatively high N20  concentration was in­
vestigated. For CnïO >  3 X  HW3 mole l._1 the 
results in neutral solution indicate that \ /  [N20  ] >  >  
j8'/2as/H-/CN20 + e; thus the exponential term in eq. 9 
can be neglected.

The total quantum yield is thus presented in 
the form

7(E) =  7rr +  (F — 7rrl <5 +
( r  -  7 ^ ( 1  -  5)(1 - __________

g — (2an/0iT)\/>r£H+H+[H+] (10)

where

g ____________ fc(N2p +  e) [N2Q ]__________

fc(N>0 +  e)[N20 ] +  /qH ++e)[H + ]

In deriving this equation it is assumed that cage I 
yields a constant residual yield 7,1 which is totally 
scavenged in the bulk contributing to the E 
yield. The rest of the electrons in cage I are 
subjected to parallel scavenging by H+ and N20. 
The fraction 5 scavenged by N20  fully contributes 
to the total yield while 1 — 5 is the relative ef­
ficiency for H atom production in cage II. As­
suming that all the electrons are scavenged from 
cage I, the cross-section for the formation of cage 
II is (T — 7,1) (1 — 5). H atoms are then scavenged 
according to the ordinary eq. 4. Equation 10 can 
be transformed into the form
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7  =  r  -  ( r  -  Tr1) ( i  -  __________

5)/3n'e^<2ail/ta' ) ^ H+H+[H+] (11) 
Inserting the numerical data previously obtained1

fin =  1; — 7 V 7r7cs =  2.6 mole_1/2 
1̂1

r  =  0 .2 9 3 ; 7 ^  =  0 .0 8

we obtain

7  =  0.293
0.21e - 2 .6  [H ■

1 + HNiO + e)
<'(H + + e)

[N iO ]

[H+]

(12)

In Fig. 3 the experimental results are compared 
with the theoretical curve based on eq. 12. Fair 
agreement was obtained setting the rate constants 
ratio /ch++ e/^NiO + e =  1-5. The best agree­
ment was obtained setting this rate constants ratio 
to 2, used in Fig. 3. These results are consistent 
with the comparison of the results for electrons 
scavenged by H + and by N20  presented in Table
II.

In the pH region where competition occurs be­
tween scavenging by H + and N2O the quantum 
yield is expected to depend on N20  concentration 
over the whole range employed by us, in contrast 
to the behavior at neutral pH where at high N20  
concentration the quantum yield is constant. The 
experimental results entirely confirm this predic­
tion. In Table IV the dependence of 7 (12) on 
NaO concentration at pFI <  3 is presented.

Table IV
T he  D e pe n d e n c e  o f  7( b )  on N 20  C o n c e n tr a t io n  a t  

pH <  3
An2o, 103Cn2o . t (Is) '-----7(Is) ealed.------ -
mm. mole 1. -I expt. pH Eq. 13 Eq. 12
500 16 0.218 2 . 2 0.195 0 .2 2 0
293 9.2 .164 2 . 2 .165 .184
155 4.9 .132 2 . 2 .133 .172
285 9.0 .105 1 . 8 .130 .140

The comparison of the experimental results with 
the prediction of cq. 12 setting 7ch+ + c/fcmo + e = 
2 is reasonable. However the calculated values 
are somewhat too high. We attribute this dis­
crepancy to the approximation involved in the 
derivation of the consecutive scavenging model.1 
Besides, the application of eq. 12 is based on the 
assumption that every H atom introduced into 
the bulk by scavenging by H+ oxidizes another 
1“  ion. This may not be applicable for pH 2.2 
and 1.8. Therefore we have estimated the de­
pendence of 7 (12) on N20  concentration by apply­
ing our previous experimental results for evacuated 
solutions.1’5 The quantum yield was represented 
in the form

7 (I2) =  ST +  (1 -  S)sr (13)

where 5 represents the ratio of the quantum yield 
at the given pH in evacuated solution to the cross- 
section F, Agreement was obtained by applying 
eq. 13 at relatively low N20  concentration.

The decrease of tne quantum yield and its de­
pendence on N20  concentration at pH <  3 indi­
cates that H atoms produced at this pH do not 
act efficiently with N20. These results can be 
interpreted by assuming the conversion of elec­
trons to H atoms. These results cannot be in­
terpreted by the hypothesis of Dainton, et al.,2-3 
who assumed conversion of H atoms to H2+ 
molecule ion. If H2+ would have been formed in 
this pH region the quantum yield for I2 production 
would remain unchanged, as this species efficiently 
oxidizes I - ions.10

Discussion
Chemical Evidence for Solvated Electrons in 

Water.—The photochemical results presented in 
this work yield chemical evidence for the formation 
of H atom precursors in water differing in their 
reactivity from H atoms as such. Recent radiation 
chemical data point in the same direction.

The fate of electrons, formed in the primary 
ionization process in the radiolysis of aqueous 
solutions, has been discussed previously.11-12 
Experimental evidence has recently been accumu­
lating indicating the existence of two different 
forms of H atoms in irradiated solutions exhibit­
ing different reactivity with specific scavengers. 
Barr and Allen13 have shown that H20 2 is efficiently 
decomposed by the reducing species produced by 
ionizing radiation in neutral solutions, while H20 2 
is less reactive with the species formed by the re­
action

FI2 +  OH — > H +  H20  (14)
or by ionizing radiation in acid solution.13 An 
investigation of the decomposition of H20 2 by 
atomic hydrogen generated in the gaseous phase14 
indicated the identity of H atoms as such with 
the “ acid form” produced by ionizing radiation 
and with the species produced by the reaction of 
OH radical with molecular hydrogen. The results 
of Allan and Scholes16 and those obtained by the 
use of H atoms14 led to the conclusion that the 
“ neutral form” produced by ionizing radiation 
is the solvated electron. The result of radiation 
chemical investigation of aqueous solutions of 
monochloroacetic acid16 was similarly interpreted. 
The relative radiation stability of nitrous oxide 
in irradiated acid solution2 was attributed to the 
acid form of IF atoms, which was assumed to 
be H2+.2 However this conclusion is not consistent 
with the relative slow rate of formation of H2+.9 
The results of Dainton and Peterson2 can be in­
terpreted4 in terms of an efficient decomposition 
of N20  by solvated electrons and its stability to 
decomposition by genuine FI atoms.

Kinetic evidence in the gas phase indicates that 
the activation energy for the reaction

(10) G. Czapski, J. Jortner, and G. Stein, J . P h y s . C h e?n ., 64, 1792 
(1960).

(11) (a) A. H. Samuel and J. L. Magee, J . C h em . P h y s . , 21, 1080
(1953); (b) G. Stein, D is c u s s io n s  F a ra d a y  S oc ., 12, 243 (1952).

(12) R. L. Platzrnan and IT. Frohlich, P h y s . R ev ., 92, 1152 (1953).
(13) N. F. Barr and A. O. Allen, J . P h y s . C h em ., 63, 928 (1959).
(14) G. Czapski, Jortner, and G. Stein, ib id ., 65, 964 (1961).
(15) J. T. Allan and G, Scholes, N a tu re , 187, 218 (1960).
(16) E. Hayon and J. Weiss, P r o c . I n t .  C'onf. P e a c e fu l  U ses  A t ,  

E n erg y , 29, 80 (1958).
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N20  +  H — > N2 +  OH (15)
is 16.6 kcal. mole-1,17 in agreement with an ap­
proximate previous estimation.18 As the frequency- 
factor for this reaction is 4 X  10111. mole-1 sec.- 1 17 
this reaction proceeds slowiy in the gas phase at 
room temperature. The analysis4 of some kinetic 
data2 for the reactivity of H atoms in acid solu­
tion containing N20  indicates that reaction 15 
in aqueous solution is a relatively slow process, in 
agreement with the gas phase experiments. Two 
studies of negative ion formation in N20  were 
published recently. The results of electron impact 
experiments19 indicate that O-  ions are produced 
in N20  with an onset at zero electron energy. 
The results of a mass spectrometric investigation20 
confirm these conclusions. These results indi­
cate that in the gaseous phase the reaction

N20  -f- e ► N2 -f- O-  (16)
proceeds efficiently. In the liquid phase the O-  
ion will be stabilized by solvation. This inde­
pendent evidence yields further support to our 
conclusions regarding N20  as specific scavenger for 
electrons in aqueous solutions. The rate con­
stants ratio &h+ + e/fc^o + e =  2-5 obtained from 
our photochemical experiments appears to be 
consistent with the radiation chemical results of 
Dainton and Peterson.2

In the present photochemical investigation we 
tried to select various specific scavengers for the 
discrimination between H atoms as such and their 
precursors. H + ion was found to act as an ef­
ficient scavenger for H atom precursors, i.e., sol­
vated electrons. The reaction

H +a<l +  Caq >  II (17)
appears to be efficient, in agreement with recent 
radiation chemical data.16'16-21 This may proceed 
by direct electron capture by the hydroxonium 
ion, or by a general acid-catalyzed mechanism

H30 + + H 20  +  eaq— > H 20  +  H20  +  II (17')
The increase of the quantum yield in the presence 
of the monophosphate ion at pH 5.91 may indi­
cate the operation of such a mechanism. However 
at present this suggestion should be considered as 
tentative.

The nature of the solvated electrons formed in 
the photochemical system should be briefly con­
sidered. The most probable model involves an 
electron bound in the polarization field of the 
dielectric medium.22-24 The time required for the 
solvation process of the electron is of the order of 
the relaxation time of the solvent molecules. A 
similar model is applicable for the thermalized 
electrons produced by ionizing radiation in 
water.llb’24 The lifetime of this species is long

(17) C. P. Fenimore and G. W. Jones, J . P h y s . C h em ., 63, 1154 
(1959).

(18) H. W. Melville, J . C h em . S o c ., 1243 (1934).
(19) G. J. Schultz, J . C h em . P h y s ., 34, 1778 (1961).
(20) R. K. Curran and R. E. Fox, ib id ., 34, 1590 (1961).
(21) A. R. Anderson and E. J. Hart, J . P h y s . C h em ., 65, 805 (1961).
(22) L. Landau, P h y s. Z . S o w ietu n io n , 3, 664 (1933).
(23) J. Jortner, J . C h em . P h y s ., 30, 839 (1959).
(24) J. Weiss, N a tu re , 186, 751 (1960).

enough in aqueous solutions to make its detection 
possible by reaction with specific active scavengers.

Mechanism of Primary Radical Formation.—
The photochemical results presented in this work 
can be unambiguously interpreted by assuming the 
operation of a cage mechanism, and the decrease of 
the quantum yield with decreasing scavenger con­
centration should be assigned to secondary re­
combinations. The independence of the quantum 
yield on light intensity definitely rules out any 
bulk recombination mechanism. In our previous 
work5 we have pointed out that the alternative 
mechanism involving the interaction of H + ion 
with the excited state followed by electron scaveng­
ing with direct formation of H atoms is not favored 
by the experimental data. At high scavenger 
concentration a limiting quantum yield of 0.290 ±  
0.005 at 25° is obtained independent of the nature 
of the scavenger.

The absolute value of this limiting quantum yield 
probably is accurate within 10% , as it was de­
termined by chemical actinometry using inde­
pendently uranyl and ferrous oxalate actinometers. 
This result indicates that under our experimental 
conditions the limiting quantum yield of radicals 
which can be scavenged at 25° is about 33%. Thus 
the cross-section for primary radical formation is 
smaller than unity. This result rules out the 
direct interaction of the scavenger with the spec­
troscopic excited state of the ion, indicating that 
the fragments which can be scavenged are formed 
by a secondary process.

The photochemical results can be correlated 
with the spectroscopic data for this system. Re­
cent experimental and theoretical investiga­
tions26-27 indicate that the excited state can 
adequately be described by a spherical symmetrical 
excited orbital involving a considerable charge 
expansion. The role of the hydration configura­
tion in formation of this excited state has been 
repeatedly stressed.26’27 The upper limit for the 
lifetime of the first spectroscopic excited state is 
the relaxation time of the solvent molecules. 
During the relaxation process the electron is 
detached from the excited state of the absorption 
center resulting in the formation of two distinct 
species: an I atom and a solvated electron.

The detachment of the electron competes with 
deactivation of the excited state, which probably 
proceeds by a radiationless transition to the ground 
state. The cross-section for radical formation should 
be dependent on temperature and on the solvent. 
Our results on these problems will be published 
separately.

The electron thus formed by the dissociation of 
the excited state can hie scavenged by specific 
scavengers, e.g., H+, N»0, and 0 2. This mech­
anism yields the major contribution to radical 
production. The present picture indicates that 
the major pathway of H atom production in this 
photochemical system does not involve a dis­
sociative electron capture by a water molecule 
but electron capture by H+. The scavenging

(25) J. Franck and R. L. Platzman, Z . P h y s ik , 138, 411 (1954).
(26) M. Smith and M. C. R. Symons, T ra n s. F a ra d a y  S oc ., §4, 338, 

346 (1959).
(27) G. Stein and A. Treinin, ib id ., 55, 1086, 1091 (1959).
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experiments definitely rule out the mechanism of 
Franck and Haber28 for this system.

The results with N20  prove also that the role 
of the positive H + ion is not unique and that an­
other, neutral electron scavenger can lead to a 
similar process.

The present picture involves a thermal electron 
detachment process from the excited state of the 
solvated negative ion, leading to the formation of 
a solvated electron in the aqueous solution. The

(28) J. Franck and F. Haber, Sitzber. preuas. A  had. TFtss. P h y sik  
M ath. K lasse, 750 (1931).

formation of a thermalized electron is plausible 
in the case of an excited iodide ion, where the elec­
tron in the expanded orbital is acted upon only 
by the polarization field of the medium.

Franck and Scheibe29 in their original work postu­
lated a photodetachment process as the primary 
light absorbtion act of negative ions in solution. 
Our results show that this occurs only as the 
result of a secondary thermal process.
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The effect of 0 2 on the photochemistry of aqueous iodide solutions was investigated. 0 2 was found to act as a scavenger 
for both electrons and H atoms. The reaction mechanisms are discussed and kinetic data for the reaction of 0 2 with elec­
trons and H atoms are derived. The photochemical results are compared with data from radiation chemistry.

Introduction
Radiation chemical investigations1 indicate that 

oxygen dissolved in aqueous solutions acts as an 
efficient scavenger for both solvated electrons and 
for II atoms.1

Following the preceding work,2 the effect of 
O2 on the photochemistry of the iodide ion was 
investigated. The investigation of the oxygen 
effect on this system is of importance for a further 
insight into the specific scavenging mechanisms 
of H atoms and their precursors.

Experimental
The experimental technique was similar to that previously 

employed.2 Evacuated neutral potassium iodide solutions 
were equilibrated with air or oxygen for 2-3 hr. The pH 
was adjusted by acid added just before irradiation, which 
was carried out as fast as possible to avoid thermal oxida­
tion. The kinetics of the post-irradiation effect in aerated 
solution were measured by the determination of the time 
dependence of the I2 concentration in the reaction vessel after 
stopping the irradiation. The thermal oxidation was fol­
lowed by a similar technique.

Results
Some experimental difficulties were encountered 

in the experimental investigation of this system 
at low pH. The effect of the thermal oxidation of
I -  at pH <  2.5 is appreciable. Short irradiation 
times (15 sec.) were used, and corrections for 
thermal oxidation were introduced. The deriva­
tion of the experimental results for the initial 
quantum yields was further complicated by the 
observation of a post-irradiation effect in aerated 
solutions. It was assumed that this effect is due 
to the production of H20 2 in irradiated solutions. 
To confirm this hypothesis a kinetic study of this 
process was carried out. We measured the de­
pendence of the I2 concentration (determined as

(1) N. F. Barr and A. O. Allen, J .  Phys. Chem ., 63, 928 (1959).
(2) J. Jortner, M. Ottolenghi, and G. Stein, ib id ., 66, 2037 (1962).

the optical density D T) on the time r after stopping 
the irradiation. First-order kinetic curves were 
obtained by plotting In (D„ — D r) as a function of 
t  (Fig. 1). The experimental values of D r were 
corrected for thermal oxidation. From the first- 
order rate constants k the second-order rate con­
stants k/[l~] were obtained, in agreement with the 
result for thermal oxidation of 1“  by H20 2.3 These 
results indicate that II20 2 is produced in the photo­
chemical system.

T able  I

Post-I rradiation  E ffect in I rradiated  K I Solutions 
[I - ] =  0.15 M, /  =  15 X 10-7  einstein sec.- 1 1. - 1

pH
k,

min.-1
k /[  I'], 1. 

m ole '1 min._1 Do D„
1 .2 9 0 .0 4 8 0 .7 5 0 .2 6 5  ±  0 .0 2 0 .4 8  ±  0 .0 3
0 .8 3 0.22 3 .3 7 0 .2 6  ± 0 . 0 2 0 .5 0  ± 0 . 0 3

As the thermal oxidation of I -  by H20 2 during 
the short irradiation period is negligible, the initial
[I2]o concentration corrected for the post-irradiation 
effect was obtained from extrapolation of log (D„ — 
Dr) to t  =  0. We find (Table I) 2D0 =  D 
i.e., 2 [I2]0 =  [I2] ra. Thus the quantum yield for 
H20 2 production is equal to that of I2 during ir­
radiation. The quantum yield at low pH could be 
evaluated by measuring y (I2) -(- y (H20 2). This 
was done by determination of I2 yield after the 
completion of the post-irradiation effect about 60 
min. after stopping the irradiation.

Dependence of y on pH and 0 2 Concentration— 
In Fig. 2 and 3 we represent the dependence of the 
initial quantum yield for I2 production on pH and 
0 2 concentration. These quantum yields were cor­
rected for thermal oxidation and do not include 
contribution of the oxidation by H20 2. 7 ; at

(3) H. A. Liebhafsky and A. Mohamed, J .  Am . Chem. Soc., 65, 3977 
(1933).
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[02] =  2 X  10-4 M  in air saturated solution at 
pH 2.56 and 3.56 was found to be independent of 
the light intensity J. The pH dependence of 
t (I2) in Fig. 2 is represented in the concentration 
region of 0 2 where 7 (H) is independent of 0 2 con­
centration.

At low pH values (below 2) 7i(I2) is independent 
of H + concentration and attains the limiting value 
7i =  0.29 ±  0.02 at 25°, which is again identical 
with the limiting quantum yield obtained in other 
scavenger systems.2

When the pH is increased 7 i ( I 2)  decreases. The 
independence of 7 on /  indicates that this decrease 
has to be assigned to secondary radical recombina­
tion.

At pH 2.56 in air saturated solutions 7 (I2) =  
0.26. This value is identical with the result 7 =  
0.26 obtained in the presence of high concentration 
of alcohols at this pH.4 Thus it appears that at 
pH 2.5-3.0 the decrease of the quantum yield is 
due mainly, as in the case of alcohols, to the forma­
tion of the radical pair (I +  H)n and the scaveng­
ing of the H atom by 0 2. However at higher pH 
values the 7 values obtained in the presence of 
0 2 and alcohols do differ markedly. At pH 3.56 
7 (I2) =  0.16 in air saturated solutions and 7 (I2) =  
0.225 in the presence of 1 M methanol or isopropyl 
alcohol.4 This indicates that in the presence of 
oxygen an additional mechanism is operating. As 
radiation chemical studies1 indicate, 0 2 is an ef­
ficient scavenger for electrons. Thus at low II + 
concentrations (pH >  3) electron capture by 0 2 
will occur. This reaction will compete efficiently 
with electron capture by H+, leading to the forma­
tion of 0 2_. This ion may however reduce an 
iodine atom to I -  leading to a deactivation back 
reaction. Alternatively 0 2~ can react with H+ ion 
yielding II02. This scavenging reaction will com­
pete with the back reaction I +  0 2“ . The hydro- 
peroxy radical yields H20 2 by oxidation of another 
I “ ion.

Reaction Mechanism in the Presence of 0 2.—
The experimental results for the initial quantum 
yield in oxygen containing solutions are interpreted 
in terms of a parallel— consecutive scavenging 
mechanism

(I +  c)i +  H + —->  (I +  H ) „ ^ H +  + e (1)
(I +  H ) n  +  0 2 - I  +  h o 2 ^ 0 2 + H (2)

(I +  e)i +  0 2 — >■ (I +  0 2“) in Ôj + e (3)

(1 +  0 2“)m  +  H +  —->  I  +  H 0 2 kH+ + O r (4)
Followed by

1 “ +  H 0 2 — >  I  +  H 0 2-  (5)

2 1 -  +  H 20 2 +  2 11+  -— >  I 2 +  2 H 20  (6)

The radical pairs I, II, and III may also con­
tribute to the residual yield.

An exact mathematical treatment of this system 
is complicated. We attempt to present an ap­
proximate treatment applying simplifying assump­
tions as presented before.2’4

(4) J. Jortner, M . Ottolenghi, and G. Stein, J .  P k ys. Chem., 66, 
2029 (1962).

r, nin.
Fig. 1.— Post-irradiation effec: of aerated solution: [I- ] =

0.15 M, pH 0.83.

Fig. 2.— The pH dependence of -y(I2) (corrected for the 
contribution of the post-irvadiation effect) in aerated 
solutions.

The quantum yield in the presence of 0 2 is pre­
sented in the general form

7 =  7rI +  A[ IF(1 — fin' c- ^ u/^O vT k'o,) -j_
(1 -  W){1 -  plu ' j-c W fW lv 'S iP )]  (7)

A represents the total cross-section for electron 
scavenging from cage I by 0 2 and H+. Assuming 
that the radical pair I yields the residual yield 
7d independent of the two scavenger concentrations 
we set
A  =  T[1 — — y 1 (8)

The constants A  in eq. 7 and 8 are defined by 
K  o2 =  vf o2 7 e [02]

K o =  Ôj + HtCh]

A h -  =  ? 'W e [  H + ]

K n A =  &h+ + 0l-[H +]
W  represents the fraction of radicals from cage I 
scavenged by H+, i.e., W  =  A n +/(A h - +  A o2) ; 
thus the cross-section :or the formation of cage 
II is WA.
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D y<r2)

Fig. 3.— Dependence of 7 (F ) and 0 2 concentration: •
pH 2.56; O, pH 3.56.

Fig 4.—Scavenging of H atoms by 0 2 at pH 2.56.

Equation 7 can be transformed into the form 

y =  771 -)- A [l  — WPn' e~(2oiI/^II')V>rA'o!' _
(1 — W)/Sin' e _(2<Iin//3in)'v,irirH+'] (rj>)

Scavenging of H Atoms by 0 2.— At sufficiently 
high H+ concentrations, at pH <  3, we assumed 
that the reaction path involves scavenging by H + 
(reaction 1) and the contribution of reaction 3 is 
negligible. Equation 7' is reduced to the form

7 = 7,1 +  [r (l  — (81 ' _  7ri] x
(1 -  /3n '  c - ( 2“ »/20n ')V 7R 7T) (9 )

This equation was applied for the treatment of the 
dependence of 7 (E) on 0 2 concentration at pH 
2.56. At limiting high 0 2 concentration the 
quantum yield is (Fig. 3)

r ( l  — 0 i ' v A xh+) — 0 .2 6

The rate constant ko, + h was evaluated by plotting 
log [(0.26 — 7) / ( 0.26 — 0.08) j as a function of
v m .  From Fig. 4 we obtain /3n ~ 1  and 2an x 
\/ 7r/cn + Oj =  260 mole "1/! l.Vs.

Scavenging of 0 2~ by H+.—For high pH K 0e »  
Kn + and at high 0 2 concentration where A =  T — 
7/  we set IF = 0 and thus obtain from eq. 7', for 
the scavenging reaction of 0 2~ by H +

ln (r=v)= ft”' “
V i r l c ^  +  o , -  [H + ] ( 1 0 )

PHI

We have assumed that eq. 10 is applicable for 
pH >  3.5. From the experimental results in this 
high pH region we obtained dm ' =  1 and 2am X 
\ /  TrfcH+ +  O r  =  60 ±  20. This result indicates that 
the rate constant fcH+ + Ch~ is high, in agreement 
with kinetic data6 which indicate that the rates of 
neutralization of bases in solution are diffusion 
controlled.

Semiquantitative Treatment of Experimental 
Results in the Presence of 0 2.—The numerical 
values for 0U', dm ', 2airv VFh + o„ and 2am X 
V  vfco2- + h  + obtained from the above approximate 
treatments may be substituted now in eq. 7' 
yielding

7 = 0.08 +  [0.29 (1 -
0.725e-s° ViHff + <*[0.1) _  q.08] X 
e -260  v d O ?  g _ 60v / [ H +] \ -

1 +  a ([0 ,]/[H  + ]) “  1 +  ([H + ] /a [0 ,] )J .

(11)
where a =  ko, +  e/kn + +  e- For the parameters 
specifying electron scavenging by H+, appearing 
in A, we chose di =  0.725 and (2ai/di')'V/ tt/ch+ + e = 
50. This value is somewhat lower than that ob­
tained in the presence of alcohols,4 but is consistent 
with the results for competitive scavenging of 
electrons by H+ and N20 .2

The experimental results do not make possible 
the exact evaluation of a. However, reasonable 
agreement of the experimental results with eq. 11 
is obtained for a — 1—5 showing that the ef­
ficiency of 0 2 and H+ as electron scavengers is of the 
same order of magnitude.

The comparison of the experimental results with 
those obtained from eq. 11 is presented in Table IF

The good agreement of the calculated and ex­
perimental results should be accepted with some 
reservation. The general treatment presented in 
this work is too approximate for a quantitative 
treatment of this complicated system.

Discussion
The Residual Yield in 0 2 Solutions.— The quan­

tum yield obtained at pH >  4.5 in air and oxygen 
saturated solutions is independent of pH. This

(5) M . Eigen and K. Kusten. J . A m . Chem . S o c 82, 5952 (1960).
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T a b l e  I I
Q u a n tu m  Y ie l d s  in  t h e  P r e se n c e  of Ox y g e n . C alc u ­

l a t e d  R e su l ts  fro m  E q u a tio n  11 w it h  a = 3
[Oí], 7(1*), t(D,

pH mole 1. 1 expt. caled.
1.0 2.3 X 10” 4 0.290 ±  0.005 0.290
2.15 2.3 X 10- 4 .285 ± .005 .275
2.6 2.3 X i o - 4 .260 ± .005 .270
2.8 2.3 X 10 ” 4 .246 ± .005 .250
3.9 2.3 X 1 0 - 4 . 133 ± .005 .155
4.1 2.3 X 1 0 - 4 .110 ± .005 .140
2.56 6.6 X 10”5 .250 ± .005 .240
2.56 3.95 X 10 ”6 .230 ± .005 .235
2.56 2.5 X 10 - 5 .207 ± .005 .210
2.56 1.32 X 10”6 .190 ± .005 .175
2.56 0.83 X IO” 6 .150 ± .005 .170
3.56 6.6 X IO” 5 .180 ± .005 .171
3.56 3.95 X IO”5 .167 ± .005 .168
3.56 2.5 X IO” 6 .150 ± .005 .153
3.56 1.32 X IO” 5 . 137 ± .005 .142
3.56 0.83 X IO”6 .122 ± .005 .133

quantum yield, y =  0.065 =  0.01, represents the 
experimental determination of the residual yield. 
In the presence of oxygen the residual yield repre­
sents the sum of the residual yields yr: and yrni. 
As indicated by the experimental results in the 
presence of alcohols at high pH2 hydrogen atom 
scavengers are not efficient for the residual yield 
in neutral solution. On the other hand, 0 2 is an 
efficient scavenger for electrons. The residual 
yield in the presence of 0 2 is about equal to the 
extrapolated values of yTl =  0.07 and 0.08 ob­
tained2'4 from the pH dependence in the presence 
of alcohols and from scavenging by N20. These 
results indicate that the residual yield from cage 
I involves solvated electrons and not H atoms dif­
fusing into the bulk.

Relative Rate Constants for the Reactivity of H 
Atoms.—The experimental results from the 
scavenging experiments make possible the evalua­
tion of relative rate constants for the reactivity of 
various scavengers with H atoms and electrons. 
The relative rate constants for the reactivity of 
H atoms with various scavengers are shown in 
Table III and compared with kinetic data obtained 
from radiation chemical investigations.6 These

(6) J. Rabani, J . P h y s . C h em ., 66, 361 (1962).

radiation chemical investigations were carried out 
at low pH to assure that H atoms as such are in­
volved in these reactions.6 The agreement be­
tween the photochemical and radiation chemical 
data is fair and indicates the consistency of the 
mechanisms derived.

T a b l e  I I I
K in e t ic  D a t a  f o r  t h e  Re a c t iv it y  of H  A tom s

Scavenger

fa + S 
*a + 02

(photochemical 
mole- 1/ 21.1/2 data)

&H + 3
&H+0! 

(radiation- 
chemical data)6

Methanol 
Isopropyl ale. 
H +
O,

3.88 16 X 10” 5 8.5 X 10” 5
20 5 X 10” 3 2.6 X 10” 3
2.6 IO“ 4

260

The Reactivity of Electrons.— Molecular oxygen 
in the photochemical system was found to act as an 
efficient scavenger for electrons. The rate constant 
for the reaction

0 2 4* eaq ' 0 2 aq (12)
is about equal to the rate constant for the reaction

H+aq +  eaq — >• H (13)
This result is in complete agreement with a recent- 
radiation chemical investigation of the pH de­
pendence of the decomposition of H20 2 in the 
presence of 0 2.7

Czapski and Allen7 concluded that for the reduc­
ing radicals produced from the radiolysis of neu­
tral aqueous solutions, the rate constants for re­
actions 12 and 13 are equal within a few per cent. 
In a similar wTay agreement was obtained3 between 
photochemical and radiation chemical data for 
the relative rate constants for scavenging electrons 
by H+ and N20. These results indicate the ident­
ity of H atom precursors formed by thermal 
electron detachment from the excited state of the 
iodide ion, with the reducing species formed from 
the radiolysis of neutral aqueous solutions.

Acknowledgment.—This research was sponsored 
by the Israel Atomic Energy Commission.

(7) G. Czapski and A. O. Allen, BNL. 5576,1961; J .  P h y s . C h em ., 66, 
262 (1962).
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A theoretical calculation is made for birefringence induced in a system of rod-shaped molecules which have been sub­
jected to a two dimensional strain of constant area. A series expression is developed for the orientation of a system of rods 
which have the particular optical and geometrical properties of the strained system; then the birefringence of this system is 
given by an expression developed from assumptions of Peterlin and Stuart. This expression is used in conjunction with bire­
fringence measurements to obtain the optical factor, g, — g,, for concentrated solutions of poly-y-benzyl-1 -glutamate in 1 ,2 - 
dichloroethane. An average optical factor of (5.4 ±  1.0) X  10-8  was obtained for these solutions' this compares with a 
value of about (4.0 ±  0.1) X 10-3  obtained from flow birefringence measurements (by Doty) and electric birefringence (by 
O’Konski) on dilute solutions.

I. Introduction
An anisotropic state can be induced within an 

originally isotropic medium by a number of dif­
ferent procedures. The most familiar use electric, 
magnetic, or shear fields.2 The anisotropic state 
can be characterized conveniently by measure­
ments of the induced birefringence. It then often 
is possible to relate the macroscopic measure­
ment of birefringence of the oriented state with the 
molecular properties of the system. In this re­
spect the application to macromolecular systems 
has been particularly rewarding.

One of the first, molecular models suggested to 
interpret induced birefringence effects was that of 
the rigid rod particle.3'4 One then could ascribe 
specific optical and geometrical properties to the 
particle and consider the resulting effects of orien­
tation in different fields. Peterlin and Stuart 
considered this problem for the cases of magnetic, 
electric, and continuous flow fields.2 The appli­
cation of flow birefringence has been extensive.6 
Recently, O’Konski6 and Tinoco7'8 have employed 
the method of electric field orientation.

The same general method is applicable to non­
fluid systems. In this case, orientation of optically 
anisotropic particles can be induced by deforma­
tion of the material. Kratky,9 and Kuhn and 
Grün111 describe the case of induced birefringence 
from simple extension of an elastic matrix imbedded 
with rigid rod macromolecules. Hermans11 and 
others12 have studied the properties of cellulose by 
extending this reasoning to include effects of 
jointed rods.

Recently a technique was developed for suddenly 
straining a viscoelastic fluid.13 The strain is 
characterized as two dimensional strain with con-

(1) This work was presented in part at the 141st National Meeting 
of the American Chemical Society, Washington, D, C., March, 1962.

(2) A. Peterlin and H. A. Stuart, Z . P h y s ik , 112, 129 (1939).
(3) Lord Rayleigh, P h il .  M a g ., 44, 28 (1897).
(4) P. Boeder, Z . P h y s ik , 75, 258 (1932).
(5) R. Cerf and H. A. Scheraga, C h em . R ev ., 51, 185 (1952).
(6) C. T. O’Konski, K. Yoshioka, and W. H. Orttung, J . P h y s . 

C h em ., 63, 1558 (1959).
(7) I. Tinoco, Jr., J .  A m . Chem . S o c ., 81, 1540 (1959).
(8) I. Tinoco, Jr., and W. G. Hammerle, J .  P h y s .  C h em ., 60, 1619 

(1956).
(9) O. Kratky, K o llo id -Z ., 64, 213 (1933).
(10) W. Kuhn and F. Grün, ib id ., 101, 248 (1942).
(11) P. H. Hermans, “ Contribution to the Physics of Cellulose 

Fibres,”  Elsevier Publ. Co., Inc., Amsterdam, 1946.
(12) J. J. Hermans, “ Flow Properties of Disperse Systems," Inter­

science Publishers, Inc., New York, N. Y., 1953.
(13) S. J. Gill, J . A p p l. P o ly m e r  S e i ., 1, 17 (1959).

stant area. A transient birefringence is observed 
following the application of this strain to con­
centrated polymer solutions. The method has 
been used to study relaxation behavior of con­
centrated solutions.14 Under favorable conditions 
where the relaxation is not too rapid, it is possible 
to estimate the induced birefringence at the 
moment of straining. For a concentrated solution 
of coil-like molecules it has been possible to apply 
the theory of rubber-like elasticity and estimate 
the number of effective network points.16

In the present paper we wish to give a derivation 
of theoretical expressions which are applicable 
to a constant area strain for a system of rigid rod 
macromolecules. These expressions are used to 
interpret strain birefringence measurements on 
concentrated solutions of polybenzylglutamate. 
The results compare reasonably well with dilute 
solution properties obtained by O’Konski6 and 
Doty.16

II. Theoretical
The symmetry of simple extension strain allowed 

Kuhn and Grün10 to choose the conventional 
spherical coordinate system to describe the orien­
tation distribution function of rod-like particles as 
a function of strain. For our case of plane strain 
a different coordinate description is used in order 
to separate variables. For comparative purposes 
the notation of Kuhn and Grün will be used where 
applicable.

The right-handed coordinate system (Kuhn 
and Grün) is shown in Fig. 1. The orientation of 
the rod particle is specified by two angles, a and 
<p, the first lying in the yz plane and the second in 
the xy plane. These angles arise from projections 
of the rod direction upon the appropriate planes.

A plane strain of constant area transforms the 
original coordinates (x,y,z) to a new set (x',y',z') 
according to

x' =  \x, y ' — y, z' =  X- 1 2  ( 1 )

where X represents the stretch or extension ratio in 
the x  direction.

Before deformation, the orientation distribution 
function, >fr(a,<p), of a system of these rod particles 
is uniform over the area of a unit radius sphere. 
The probability of finding a rod oriented from a to 
a +  da and <p to <p +  dip is given by

(14) R. Toggenburger and S. J. Gill, in preparation.
(15) S. J. Gill and R. Toggenburger, J . P o ly m er  S e i .,  in press.
(16) P. Doty, cited as a private communication in ref. 5.
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d1?
sin A sec2a 

4x(l +  sinV tan2«) JT, d a  d tp (2)

Following plane deformation, the element of the 
orientation distribution may be found from the 
relations

Xsin <p'
tan a =  Xtan a , sin p  +  (x, _  1) s t a v ] y. 

and (3)

d <p —
Xsec V 7 , XsecV'

1 +  X2t a n V  ^  ~  l +  X2tan2a 'C

as

X3 sin <p' sec2<p' sec2a ' [1 +  (X2 — 1)
sinV '] da ' dip' 

4 7r [ 1 +  (X2 — l)sin V ' +  X4sinV,tan2a ']Vi
[1 +  X2tanV ']

(4)
The distribution function of the strained state 
\P'(a',(p') can be found from comparison of eq. 4 
with

d¥ ' =  y ' ( a ’ ,<p') da' dip' (5)

The birefringence (An)y or nz — nx observed in the 
direction of the y axis may now be calculated 
following the assumptions of Peterlin and Stuart.2 
The squared refractive indices in the x and z 
directions are given by

n*2 =  nx2 +  4 xc

=  nx2 +  47rc

92 -  (gi -  Çi) S S

SV'(a',ip') COSV' 
1 +  sinV'tan2a

g\ -  (gi -  gî) S S

yW ,< p ')
1 +  sinV 'tanV

-, d S  da '

(6)

-dip' da '

where rq is the refractive index of the solvent, 
the optical anisotropy of the rod is characterized 
by the factor gt — g2, and c is the volume fraction 
of the rods in solution.

The birefringence can then be expressed as

(  A n )  y ---- Tbz H x

1 -  2

2xc(ÿi -  gt)

1 +  sinV 'tanW

sinV'
1 +  sinV'tan2a' (7)

where ft is the refractive index of the solution, and 
the suitable averages are given by eq. 8.

Fig. 1.— Right-handed coordinate system with angles a and 
tp indicating direction of rod.

Fig. 2.— Photograph trace of light transmission for a 
relaxing solution of 8 %  PBG (450,000) in mixed solvent at 
35° between crossed nicol prisms. The dotted line indicates 
a calibration mark of 45° retardation.

1 +  sinV'tan2a'

f f r̂ 'T0 x < y d- «in2m'tpm2rv'1 +  sinV'tan2a
(8)

sinV'
1 +  sinV'tan2a

*'(■»', y - ) s m V  
J J 1 +  sinV tan2a

It is convenient to evaluate the indicated averages 
(8) in terms of a parameter e which is equal to 
A2 — 1 by a series expansion and term by term 
integration. Evaluation to the third approxi­
mation gives the expression for the birefringence as

/4 x 2xc(grx -  gi)
(An) y =  ------- tt-------on

(9)

2e -  e2 +
11
21
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T1/2 (MSEC.),

Fig. 3.— Relaxation of optical retardation of solutions of 
PBG (450,000) in mixed solvent at 35°

Fig. 4.— Relaxation of optical retardation of solutions of 
PBG (275,000) in mixed solvent at 35°.

The preceding expressions are strictly valid for 
dilute solutions. From considerations given by 
-Bragg and Pippard17 on form birefringence of

macromolecular crystals, the effect of optical in­
teraction between rods in concentrated solutions 
will introduce correction terms of the order of 
1 +  c, provided the indices of refraction of rod 
material and solvent are not too different from 
each other.

III. Results and Discussion
An experimental situation which approaches 

the preceding theoretical requirements may be 
found in concentrated solutions of polybenzyl- 
glutamate (PBG) in rod-like configuration. Strain 
birefringence measurements, using a technique 
previously described,1S-15 have been made on such 
solutions in the solvent mixture of 76% by volume 
of dichloroacetic acid with ethylene dichloride. 
Above 30° the polypeptide is essentially in the 
rod form18; measurements at 35° were used for 
calculation purposes. The low viscosity with the 
mixed solvent system at 15° allows highly con­
centrated solutions to be handled easily. At 35° 
these solutions become very viscous and relax 
relatively slowly. Solutions of PBG in pure ethyl­
ene dichloride to net have these practical advan­
tages and consequently were not as satisfactory.

The birefringence that arises upon a known in­
stantaneous strain is the quantity needed. It is 
necessary to extrapolate readings of birefringence 
(or retardation) at different times back to the 
moment of strain. For slowly relaxing materials 
this can be done with reasonable success. The 
relaxation of a solution having a high initial value 
of retardation gives the wave pattern shown 
in Fig. 2. Several factors limit retardation meas­
urements to a time of about 5 msec, after strain; 
mechanical vibration, the large retardation itself, 
the band width of the light filter, and the rapid 
relaxation at short times. Nevertheless, an ex­
trapolation to zero time can be made reasonably 
well for the favorable cases. This situation 
is illustrated in Fig. 3 and 4, where it has been 
found advantageous to plot the logarithm of the re­
tardation against the square root of the time. 
It is apparent that the extrapolation becomes more 
inaccurate as the initial relaxation rate increases.

Our apparatus has an effective optical path of 9.1 
cm. with a strain factor of 0.36 ±  0.02. Filtered 
light of 0.546/1 was used for all measurements. 
The most certain results are shown in Table I.

T a b l e  I

Mol. Wt.
Concn., 

caled, vol. (An)y extrapd. Caled.
wt. % fraction c to zero time gx — 02

450,000 7.1 7 .8  X 10-2 (23 ±  2) X 10“5 (5.5 ±  1) X 10~:
450,000 5.7 6.4 X 10-2 (18 ±  2) X 10~5 (5.5 ±  1) X 10-=
450,000 4.5 5.0 X 10-2 (13 ±  2) X IO-5 (5.1 ±  1) X 10- ;
275,000 8.9 9.9 X IQ"2 (31 ±  3) X 10"5 (5.6 ±  1) X 10- ;

In these calculations a polymer density of 1.32 g. 
cm.-3 and solvent density of 1.48 g. cm.-3 have 
been used.6 A value of 1.465 was measured for 
the refractive index of the 7.0% solution. The 
birefringence (An)y is calculated from the retarda­
tion 5 by (An)y =  95.6 X 10_86. Somewhat higher, 
but more uncertain, values of gx — g2 were obtained

(17) W. L. Bragg and A. B. Pippard, A c ta  C ry s t .. 6, 865 (1953).
(18) B. H. Ziram, P. Doty, and K. Iso, Proc, N a th  A c a d .S ch  U . S , 

45, 1601 (1959).
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for lower concentrations in mixed solvent solutions 
and for solutions of PBG in pure ethylene dichlo­
ride.19 In those cases the initial relaxation was 
very high.

The results can be compared with two inde­
pendent measurements. A value of 4.0 X  103 
has been obtained by D oty16 from flow birefring­
ence on a sample of 195,000 molecular weight in 
ethylene dichloride. A result of 4.1 X  10s also has 
been calculated by O’Konski6 on measurements of 
the Kerr effect for a similar solution. The effect 
of molecular weight on gi — g2 should be insignifi­
cant for this large a molecular weight. Solvent 
refractive index difference is relatively small for

(19) R. Toggenburger, Ph.D. Thesis, University of Colorado, 1961.

the mixed solvent system and pure ethylene di­
chloride. Thus a comparison of these measure­
ments with ours seems quite valid.

Our measurements have given consistently higher 
values of the optical factor. This may be due to 
interferences and differences that are present in 
concentrated solutions. The essential agreement 
of the gi — g2 value obtained in the strain bire­
fringence case of a concentrated solution with 
those values from dilute solution measurements 
suggests that the orientation change of rigid rod- 
like molecules in a concentrated matrix follows the 
macroscopic deformation of the material.

Acknowledgment.—This work was supported 
by the Directorate of Chemical Sciences of the Air 
Force Office of Scientific Research.
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The heat capacity of Hg2S04 has been measured from 15 to 300°K. and these resultshave been combined with the work of Brackett, Hornung, and Hopkins from 4-20°K. to prepare tables of thermodynamic properties of this substance. The entropy at 298.15°K. was found to be 47.963 gbs. mole- 1  (gibbs = defined cal./defined deg.).

The heat capacity of IIg2S04 has been measured 
previously in this Laboratory by the late Professor
P. W  Schütz, who withheld his data from publica­
tion for some unknown reason, but probably some 
error was suspected. For this reason we have re­
investigated the heat capacity of Hg2S04 which is 
of particular interest in connection with work on 
the thermodynamics of the Clark and Weston cells.

The apparatus used for measuring heat capacity 
was the same as that described2 previously in con­
nection with the measurements on CdSCh and its 
hydrates.

Experimental
Preparation of Hg2S 0 4.—Mercurous sulfate was precipi­tated by the slow addition of 0.5 M  H2S04 to a solution which started as 0.05 M  Hg2(NOa)2 +  0.03 M  HNO3. The apparatus consisted of a 40-1. Pyrex jar, thermostated at 75°, and painted black for protection against light. An atmosphere of pure nitrogen was used to exclude air. The bottom of the jar was covered with mercury. A Lueite tray was placed above the mercury to collect the portion of the Hg2S04 precipitate to be used and thus avoid the necessity of separating mercury from it. Since Hg+2 is present to the extent of 1 % as a matter of equilibrium with Hg2+2 and Hg, the sulfuric acid solution was added drop- wise over a period of 67 days to minimize any tendency for mercuric impurity to co-precipitate in the mercurous sul­fate. The solution was stirred and circulated over the mercury by means of a Lueite stirrer and the Hg2S04 was allowed to remain in contact with the solution for 3 months after precipitation was complete.The Hg2S04 was transferred to a gas-tight metal-plastic glove box under conditions which excluded direct light and maintained an atmosphere of nitrogen. The salt was
(1) This Work vas supported in part by the National Science 

F oundation.
(2) M. N. Papadopoulos and W. F Giauciue, J. Am. Chem. Soc., 77, 

2740 (1955).

washed with successive portions of 0.05 M  H 2S04 and then with absolute ethyl alcohol and anhydrous diethyl ether. Following this it was transferred to a light shielded vacuum desiccator and a high vacuum was maintained for several days. The substance then was transferred to the calorim­eter in the dry nitrogen-filled glove box.The Hg2S04 consisted of white conglomerated small crystals. Crystal faces averaged about 0.1 mm. in size.
Analysis.—Hg2S04 was analyzed for sulfate by precipi­tation of BaS04 as follows: the Hg2S04 samples were oxi­dized to mercuric by means of a few drops of concentrated H N 03. The clear solution was placed on a steam bath and 1 or 2 drops of Ba(N 03)2 reagent were added, with stirring, until nucleii of BaS04 appeared. The remaining reagent then was added dropwise to a slight excess. The precipitate was collected on a Pyrex fritted disk crucible which had been prefired a t 500° before weighing. The crucible and pre­cipitate then were placed in an oven which was gradually heated to 500°. Co-precipitation of nitrate was checked as usual by moistening the fired precipitate with H 2S04 and reheating. No co-precipitation of nitrate was found. I t  was necessary to make small corrections for the solubility losses. 3Three analyses gave the ratio of S04- 2/H g2S04 as 0.19318, 0.19312, and 0.19317, average 0.19316 compared to the theoretical 0.19317; thus it appears that there was no co­precipitation of HgS04.

Results
Heat Capacity and Thermodynamic Properties of

HgoSCb .—The heat capacity observations are given 
in Table I and the derived thermodynamic quan­
tities are given in Table II. One defined calorie 
was taken equal to 4.1840 absolute joules and 
0°C. =  273.15°K. The unusually high heat 
capacity of Hg2S04 at 15°K. made extrapolation 
below this temperature uncertain and it was de-

(3) A. Seidell, “ Solubilities of Inorganic and Metal Organic Com­
pounds,”  3rd Ed., Vol. 1, D. Van Nostrand Co., New York, N. Y., 1940, 
p. 183.
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cided that measurements to the liquid helium 
region were necessary. These recently have been 
carried out on the same preparation of Hg2S04 
by Brackett, Hornung, and Hopkins,4 who covered 
the range 4-20°K. Their results joined smoothly 
with the present results and give the value of the 
entropy as 1.311 gbs. mole' 1 at 15°K.

T able  I
H eat  Capacity  of H g2S 0 4 

Gbs. mole-1  (gibbs =  defined cal./defined deg.)
M.w. = 497.28. 0°C. =  273.15°K.

1.1677 moles in calorimeter
T, •° K , Cp rp oK . Cp 7’ , ° K . c p
15 .67 3.576 79. 27 16. 61 182. 44 25. 20
17..82 4.310 86. 21 17. 41 189. 80 25. 65
19..91 5.090 92..90 18. 10 197..27 26. 1822 .03 5.763 99..19 18.. 75 204..65 26. 58
24. 12 6.343 105 .35 19. 33 212. 02 27. 16
26..38 6.946 111..42 19. 90 219..41 27. 46
29..96 7.880 117 .28 20. 43 227..24 27. 8832 .74 8.547 123 .23 20..92 235. 10 28. 32
36 .78 9.459 129 .35 21 .43 242 .83 28..5640 .23 10.25 135 .70 21 .94 250 .43 29. 13
43 .70 10.93 142 .35 22 .45 257 .76 29,.47
47 .74 11.69 148..83 22 .91 265 .47 29. 93
51 .92 12.47 155 .05 23..36 272 .83 30. 33
56. 70 13.29 161 .58 23..81 280 .73 30. 65
61. 98 14.15 168 .36 24 .29 289 .39 30..95
67. 29 14.99 175 .33 24 .76 298 .61 31..5672,.88 15.79

T able  II
T hermodynamic P roperties  of Hg2S0 4

Gbs. mole 1 (gibbs =  defined cal./defined deg.)
M.w. = 497.28. 0°C. =  273.15 DK.

T, °K. Cp S - ( ^ • )  (
H -  Ho°\ 

T )
5 0 . 102“ 0.027“ 0.006“ 0 .0 2 1“

10 1.358“ 0.395“ .114“ .281“
15 3.308“ 1.311“ .349“ .962“
20 5.072 2.507 .736 1.771
(4) T. E. Brackett, E. W. Hornung, and T. E. Hopkins, J. Am.

Chem. Soc., 82. 4155 (I960).

25 6.578 3.812 1 .2 2 0 2.592
30 7.874 5.129 1.764 3.365
35 9.090 6.436 2.338 4.098
40 10.191 7.719 2.928 4.791
45 11.184 8.974 3.526 5.448
50 12.105 10.199 4.131 6.068
55 12.991 11.395 4.738 6.657
60 13.840 12.562 5.339 7.223
70 15.361 14.811 6.529 8.282
80 16.674 16.945 7.692 9.253
90 17.804 18.971 8.829 10.142

100 18.824 20.898 9.939 10 959
110 19.767 22.736 11.018 11.718
120 20.649 24.495 12.069 12.426
130 21.479 26.1.82 13.089 13.093
140 22.265 27.804 14.084 13.720
150 23.014 29.365 15.049 14.316
160 23.731 30.872 15.991 14.881
170 24.419 32.330 16.909 15.421
180 25.081 33.743 17.805 15.938
190 25.717 35.115 18.680 16.435
200 26.331 36.449 19.535 16.914
210 26.926 37.749 20.371 17.378
220 27.503 39.016 21.190 17.826
230 28.062 40.252 21.992 18.260
240 28.605 41.458 22.778 18.680
250 29.135 42.635 23.548 19.087
260 29.653 43.785 24.304 19.481
270 30.160 44.911 25.047 19.864
273.15 30.318 45.262 25.278 19.984
280 30.658 46.015 25.777 20.238
290 31.148 47.097 26.492 20.605
298.15 31.542 47.963 27.066 20.897
300 31.632 48.161 27.198 20.963
310 32.112 49.204 27.890 21.314
320 32.588 50.227 28.571 21.656

° Values taken from Brackett, Hornung, and Hopkins.4

The entropy of Hg2S04 at 298.15°K. was found 
to be 47.963 gbs. mole-1, in good agreement with 
the value 48.0, the somewhat uncertain result of 
Schutz.

Acknowledgment.—-We thank W. P. Cox, E. W. 
Hornung, and R. H. Sherman for assistance with 
the low temperature measurements.
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THE FREEZING POINT-SOLUBILITY CURVE OF AQUEOUS SODIUM 
HYDROXIDE IN THE REGION NEAR THE ANHYDROUS-MONOHYDRATE

EUTECTIC1
B y  G. E. B rodale and  W. F. G iauque

Low Temperature Laboratory, Departments of Chemistry and Chemical Engineering, University of California, Berkeley, Cal.
Received April 27, 1962

The composition and melting point of the N aO H -N aO H -H 20  eutectic have been found to be 73.1 wt. %  NaOH and 
62.61°, respectively. This melting point is in good agreement with the more accurate value of 62.63° obtained by Murch 
and Giauque. No evidence of a hydrate intermediate between NaO H and N aO H -H 20  was found. The measurements 
cover the range 69.8 to 75.4 wt. %  and 62.61 to 100.6°.

In connection with a recent investigation of the 
thermodynamic properties of NaOH and NaOH- 
H20  in this Laboratory, it became important to 
have a more accurate determination of the eutectic 
composition of these substances.

Experimental
Preparation of Sodium Hydroxide.—Sodium hydroxide was prepared in a nitrogen-filled glove box in a manner similar to that described by Murch and Giauque,2 except that cold nitrogen from the liquid nitrogen supply was passed over the metallic sodium, and water, which had been boiled to remove CO2, was dropped slowly onto the metal. The smaller heat of reaction with liquid, as compared with gaseous water, and the cooling effect of the nitrogen mo­derated the reaction (which still requires a great deal of cau­tion). The maximum concentration of NaOH used, 77%, was obtained by evaporation in the nitrogen-filled glove box by means of a heat lamp. Lower concentrations were then obtained by dilution. I t had been shown by the previous work2 that this method of preparation produces a very small concentration of carbonate ( ~ 0 .0 1 %).In the present work 5-10-g. samples were taken with a pipet constructed with a removable tip containing a “ coarse” fritted glass filter. A “ fine” fritted glass filter was tried but proved to be too slow. The sample weights were cor­rected for buoyancy. The temperatures were measured with a strain free platinum resistance thermometer (L. and N. no. 718169) calibrated at the National Bureau of Standards. I t  was checked at the ice point and a correction of —0.05° was applied. The platinum thermometer was encased in a Pyrex glass tube. Since glass can be attacked by sodium hydroxide, the tube was checked for loss in weight and the effect of such impurity was shown to be negligible. The experiment was carried out with samples of about 350 g. in a platinum bottle. The platinum bottle contained a Teflon coated spin bar. I t  was supported by a 1/8 in. aluminum plate and about 0.5 in. of spun glass insulation between it and the magnetic stirrer drive. I t  was enclosed in a 10  in. length of 6 in. aluminum pipe. The pipe was wound with an electric heater and wrapped with 0.5 in. of spun glass. The top was similarly enclosed. The pipe temperature was controlled to within 0.5°. The whole assembly was in 1 atm. of nitrogen.

Results
The Freezing Point-Solubility Curve.— Most of 

the early work on the phase relationships in aqueous 
sodium hydroxide was done by Pickering.3 He 
prepared various concentrations, solidified the 
material, and then, on melting, noted the tempera­
ture at which the last evidence of solid could be 
detected. He comments on the fact that the mono­
hydrate “ crystallizes very easily in large, pointed^

(1) This work was supported in part by the National Science 
Foundation.

(2) L. E. Murch and W. F. Giauque, J. Phys. Chern., 66, 2052 
(1962).

(3) S. U. Pickering. J. Chem. Soc., 63, 890 (1893).

and semi-transparent crystals.”  Apparently, the 
monohydrate was easily observed and although 
there is a considerable scatter in his points in the 
monohydrate melting region, a curve through his 
observations is in reasonably good agreement with 
the present results. However, we were very suspi­
cious concerning the accuracy with which one could 
observe the disappearance of the last crystals of 
anhydrous NaOH from the very concentrated 
aqueous solution. The tendency would be to 
assign too low a temperature to a given concentra­
tion. We have found that Pickering’s observed 
temperatures along the NaOH curve are about 20° 
too low. Pickering did not measure either the 
composition or temperature of the eutectic between 
NaOH and NaOH-H20  and a curve through his 
observations on the anhydrous phase would 
give a eutectic mixture too rich in NaOH at too 
low a temperature.

The results which cover the range from 62.61 to 
100.6° and concentrations from 69.8 to 75.4% 
by weight are given in Table I.

T able  I
F reezing  P oint-S olubility  C urve  for  A queous Sodium 

H ydroxide
Wt. % NaOH T, °C. Phase

68.95“ Monohydrate 65.10“ N aO H -H 20
69.8 65.1 N aO H -H 20
71.3 64.3 N aO H -H 20
73.1 62.61 N aO H -H 20 -N a O H
73.2 66.4 NaO H
73.5 72.1 NaOH
74.5 85.2 NaO H
75.4 100.6 NaOH

“ Taken from Murch and Giauque, ref. 2.

By comparison with the results of Murch and 
Giauque,2 we suspect that the measurements at
65.1 and 64.3° are about 0.1° too high. The sta­
bility of the eutectic temperature made it possible 
to observe it with greater accuracy.

The results indicate that no hydrate interme­
diate between NaOH and Na0H-FI20, such as has 
been suggested by de Forcrand4 and Man ret,5 
appeared during these measurements. This ob­
servation is in agreement with the experiments and 
conclusion of Murch and Giauque.

(4) R. de Forcrand, Compt. rend., 133, 223 (1901).
(5) M. Mauret, ibid., 240, 2151 (1955).
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THE THERMODYNAMIC PROPERTIES OF SODIUM HYDROXIDE AND 
ITS MONOHYDRATE. HEAT CAPACITIES TO LOW TEMPERATURES.

HEATS OF SOLUTION1
By L. E. M urch  and  W. F. G iauque

L o w  T e m p e r a t u r e  L a b o r a t o r y ,  D e p a r t m e n t s  o f  C h e m i s t r y  a n d  C h e m i c a l  E n g i n e e r i n g ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  B e r k e l e y ,  C a l .

Received April 27, 1962

The heat capacities of sodium hydroxide (12-320°K.), and sodium hydroxide monohydrate (14-338.25°K.) have been 
measured and used to prepare smooth tables of thermodynamic properties. The melting point of the N a0H -N a0H H 2O 
eutectic was found to be 335.78°K. (0°C. = 273.15°K.) and the eutectic heat of fusion is 3207 ±  100 cal. mole-1. The heat 
of fusion of NaOHH20  is 3776 ±  30 cal. mole-1 at its melting point, 338.25°K. These values of the heats of fusion are 
based on the eutectic composition of 73.1 wt. %  of NaOH. The heats of solution of a series of solids with NaOH-(0 to 1) 
H20  gave a straight line relationship and thus no evidence was found for an intermediate hydrate such as Na0H-2/ 3H20  or 
Na0H -y2H20  as has been suggested by others on the basis of similar but less accurate measurements. Also, NaOH-H2G 
with a small water deficiency and NaOH with a small amount of water appear to give "he same eutectic temperature, indi­
cating no intermediate hydrate. The calorimetrie data have been used with the third law of thermodynamics to calculate 
the dissociation pressure of water over the system NaOH-H20-NaOH and the results are in excellent agreement with the dis­
sociation pressure observations of Baxter and Starkweather, who investigated NaOH-(“ lowest hydrate” )- NaOH, which 
shows that no intermediate hydrate appeared in their experiments. NaOH = NaOHfinf. dilute soln.)AH298.i5°K = —10,653 ±  
10 cal. mole-1. NaOH-H20  = NaOH(inf. dilute soln.)AH298 15 = —5134 ±  10 cal. mole-1. NaOH, ¿W is =  15.400 
gbs. mole-1. NaOH HjO, S m .is = 23.775 gbs. mole-1. NaOH H.O = NaOH +  H20(g), AH298.15 = 16,039 cal. mole-1, 
A Ho0 = 14,870 cal. mole-1, (FhsoW i5 = 0,14 mm.

Despite the importance of sodium hydroxide, 
there are few accurate thermodynamic data on this 
substance and its numerous solid hydrates. 
Douglas and Dever2 have made accurate heat con­
tent measurements on solid and liquid NaOH over 
the range from 298 to 1000 °K. and its low tem­
perature heat capacity has been measured to 60 °K. 
by Kelley and Snyder.3 There were no heat ca­
pacity data on NaOH below 60°K. and none of the 
solid hydrates appears to have been investigated.

This paper presents heat capacity data on NaOH 
from 12 to 320°K. and on NaOHH20  from 14°K. 
through its melting point at 338.25°K. The only 
previous investigation of the heat of solution of 
the above solids in water appears to be that of de 
Forcrand,4 who dissolved a series of solids con­
taining water over the range 0 to 1 H20  per mole of 
NaOH. A plot of the data from this pioneer experi­
ment shows them to be quite inaccurate. However, 
de Forcrand interpreted the observations as indi­
cating the presence of a hydrate N a0H -2/3H 20  
and the existence of an intermediate hydrate gen­
erally has beer. accepted by various authors for the 
past 60 years.

Recently, Mauret5 has suggested NaOH-0.5H2O 
as the composition of the assumed intermediate 
hydrate. Actually there are no data of sufficient 
accuracy ever to have justified the assumption of 
any intermediate hydrate within the range 0- 1.

We have repeated de Forcrand’s experiment with 
presently available accuracy and find that all heats 
of solution lie on an accurately straight line when 
plotted agains-- moles H20/m ole NaOH; thus no 
intermediate hydrate was indicated.

It has ordinarily been assumed that NaOH and 
NaOH-Ii20  solidify from its concentrated aqueous

(1) This work was supported in part by the National Science 
Foundation.

(2) T. B. Douglas and J. L. Dever, J. Res. Natl. Bur. Std., 53, 81 
(1954).

(3) J. C. R. Kelley and P. E. Snyder, J. Am. Chem. Soc., 73, 4114 
(1951).

(4) R. de Forcrand. Compt. rend., 133, 233 (190i)i
(5) P. Mauret, i b i d „ 240, 2151 (1955).

solutions as pure compounds and we assumed this 
in beginning the present experiments. Thus, 
samples of NaOH with a small excess of water and 
NaOH-HA) with a small deficiency of water were 
used to infer the heat capacities of pure substances.

Experimental
Preparation and Analysis of the Samples.—The sodium 

hydroxide samples were prepared by passing moist nitrogen 
gas over sodium metal and drying the resulting liquid solu­
tion to the desired composition. The sodium used was 
Baker and Adamson Reagent Grade, which contains less 
than 0.01 mole % of impurities. The nitrogen gas was pro­
duced by boiling liquid nitrogen obtained from the labora­
tory fractionating unit, which includes very complete re­
moval of C02 from air at 270 atm. by adsorption in 40% 
KOH solution. The distilled water for humidifying the 
nitrogen was boiled immediately before use to remove any 
dissolved carbon dioxide.

Sealed cans of sodium and a gold calorimeter were placed 
in a gas tight metal glove box with a Plexiglas window. 
This was flushed for several hours with dry nitrogen gas. 
A can of sodium then was opened and the exterior portions 
of the metal were removed with a stainless steel knife and 
discarded. Approximately 0.25 lb. of sodium was placed 
on a platinum wire mesh which was suspended above a 
flat platinum dish. The humidified nitrogen gas then was 
passed through the glove box and a liquid solution of sodium 
hydroxide dripped down into the platinum dish. The 
giove box also contained a heat lamp which was used to 
evaporate the solution to its final composition. To obtain 
sodium hydroxide with only a small amount of water, it 
was necessary to heat overnight at about 350°.Following the heating, the molten sample was poured into the previously weighed gold calorimeter. Both before and after pouring, samples were removed for carbonate analysis. The calorimeter then was capped, removed from the glove box, ar.d weighed. Later the cap was soldered in place.

The carbonate determinations were accomplished by dis­
solving small portions of the sample in water and transferring 
the liquid to 100-ml. centrifuge tubes with narrow tapered 
graduated bottoms. Barium carbonate was precipitated by 
an excess of barium chloride solution and the tubes were 
centrifuged. The precipitate was compared visually with 
various precipitates of known amount. The accuracy of 
this method was about 5 X 10-6 mole or about 0.005% of 
the total moles of sodium hydroxide used in the analysis 
portion.

Following the calorimetric measurements, the sodium 
hydroxide was removed by washing the calorimeter with 
water, weighing the washings, and titrating aliquot parts of
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the total. The standard acid used in the titration was 
constant boiling sulfuric acid as described by Ivunzler.6 
The amount of water in the samples was obtained by dif­
ference .

Sodium hydroxide monohydrate was made in the same 
manner except that less heating was required to produce a 
sample of approximately the desired composition. A 
representative sample of the material added to the calorim­
eter was obtained by taking two portions before pouring 
and two after pouring.

The sample of NaOH-0.04014H20  in the calorimeter 
weighed 247.543 g. and contained about 0.01 mole % of 
Na2C03.

The sample of NaOH-0.97776H2O investigated weighed 
219.456 g. and contained about 0.013 mole % of Na2C03.

The weights were corrected for buoyancy. The density 
of NaOH was taken as 2.13 g. cm.-3, and that of NaOH- 
H20 7 as 1.72 g. cm.-1. Mol. wt. NaOH = 40.005; mol. 
wt.NaOH-H20  = 58.021.Description of Gold Calorimeter VT.—The general fea­
tures of the calorimetric apparatus were very similar to 
those described by Giauque and Egan8 and need not be 
mentioned. However, the calorimeter, which will be used 
in subsequent work under the designation Gold Calorimeter 
VI, was considerably different and should be described 
briefly. It is shown in Fig. 1, which is largely self-explana­
tory. There were eight vanes 0.025 cm. thick in the calo­
rimeter.

Gold wire, 0.0031 in. in diam. and containing about 0.1% 
silver, was used to wind a resistance thermometer-heater on 
the 1.0 mm. thick outer cylindrical wall of the calorimeter, 
but the procedure was different from that described by 
Giauque and Egan. Two layers of China silk, each 0.003 
in. in thickness, were placed on the outer surface with the 
aid of three coats of Formvar varnish. (Nylon cloth was 
tried and proved unsatisfactory due to wrinkling.) The 
varnish was dried for 3 hr. at 125°.

The gold wire and silk thread 0.004 in. in diam. were 
wound in parallel over the silk cloth. The tension during 
winding on a lathe is essentially all in the silk thread which 
was used to crowd the gold wire into a closely wound helix of 
467 turns. The ends of the gold wire were soldered to turns 
of 0.010-in. diam. double silk insulated copper wire; thus, 
the gold-copper junctions were kept very close to the 
calorimeter temperature to avoid thermoelectric effect. 
The gold windings were covered with two layers of the same 
silk cloth, painted with three more coats of Formvar varnish 
and dried at 125°. The double silk insulated copper lead 
wires from the lower end of the calorimeter were placed be­
tween the two outer silk layers. The entire assembly was 
covered with heavy gold leaf to reduce radiation.

A Leeds and Northrup strain-free platinum resistance 
thermometer, no. 1215333, calibrated by the National 
Bureau of Standards, was placed in an axially located vertical 
well that extended from the bottom to above the middle of 
the calorimeter as shown in Fig. 1. Rose’s alloy was used 
to establish good thermal contact between the standard 
thermometer and the calorimeter. The two thermometers 
were compared at the beginning and end of each measure­
ment. The gold thermometer gave a continuous record of 
the surface temperature.

The introduction of molten NaOH into the calorimeter 
at about 350° posed an unusual problem, because such a 
temperature not only would destroy the external ther­
mometer, but also -would cause flow of the low melting alloy 
and undesirable diffusion into the gold well holding the stand­
ard thermometer. This problem was solved by introduc­
ing the molten NaOH before the gold thermometer and 
any low melting alloy were added. The later introduction 
of the low melting NaOH - H20  caused no difficulty.

One defined calorie was taken as 4.1840 absolute joules 
and 0°C. as 273.150°K. (triple point of water =  273.16 
exactly).

Results
Heat Capacities of NaOH and Na0H-H20 .—

As mentioned previously, the low temperature 
calorimetric measurements were made on samples

(6) J. E. Kunzler, Anal. Chem., 25, 93 (1953).
(7) J. A. Wunderlich, Acta Cryst., 10, 462 (1957).
(8) W. F. Giauque and C. J. Egan, J. Chem* Phys., 5, 45 (1937).

with the over-all composition NaOH-0.04014H2O 
and NaOH-0.97776H2O. Although we infer later

T able I
M olal H eat Capacity op NaOH-0.04014 H20  

1 “mole” =  0.95986 mole of NaOH +  0.04014 mole of 
NaOH-H20

0°<C. = :273.15'’K. Units are gbs. mole -l
T, °K. Op T, '■K. (A T, •D K. Cp

Series 'I 85. 144 5..556 243..138 13 .332
12. 748 0 .0463 92 .324 6 .161 251 .057 13 .519
14. 363 .0786 99..766 6 .755 258 .958 13 .709
15. 832 .1086 107 193 7 323 267 .063 13 .896
17. 549 .1443 114 .598 7 .863 274 .857 14 .067
19 604 .1991 121 .771 8 .356 282 .256 14 .231
22 .245 .2825 128 .834 8 .791 290 .534 14 .381
24 .849 .3773 136 .310 9 .248 298 .800 14 .550
28 .316 . 5403 143 .615 9 .657 307 .266 14 .678
30 .865 .6782 151 .497 10 .062 315 .571 15 0046
32 .618 .7912 159 .657 10 .455 Series II
35 .345 .9696 166 .922 10 .789 299..577 14. 558

CC OO .570 1.1918 174 .234 11 .097 307..097 14. 7366
42 135 1.4982 181 .839 11 .408 314. 655 14. 9276
46 276 1.8531 189 .477 11 .657 Series III
50 .82 2 .24“ 197. 459 11 .970 285. 744 14. 239
55. 682 2 .693 205 038 12. 226 293. 601 14. 397
60 983 3 .211 212. 952 12. 480 301 237 14 .574
66. 496 3 .750 220. 978 12. 718 308. 931 14 . 7946
72. 358 4 .310 228. 521 12. 928 315. 868 15 020*
78. 532 4..904 235. 742 13. 123

<* Lost insulating vacuum. Value given no weight. 
b Premelting of NaOH-NaOH-HgO eutectic, to be discussed below.
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Calories.

Pig- 2 .—(Lower scale) heat added less J C p d T  per mole NaOH-0.97776H2O. (Upper scale) Reciprocal of fraction melted (a) eutectic mixture, (b) N a0 H H 20.
that sodium hydroxide may possibly form a dilute 
solid solution, NaOH ■O.OIOIEO, the data were 
considered to be representative of mixtures of 
0.95986 mole of NaOH -f- 0.04014 mole of NaOH- 
H20, and 0.02224 mole of NaOH +  0.97776 mole of 
NaOH-H20. Even if the solid solution does exist, 
this should cause little error.

The observed data are given in Tables I and II. 
Smooth curves through the observations were used 
in computing the properties of NaOH and NaOH- 
H:0  at even values of temperature. These values 
are given later.

The heat capacities are given in gibbs mole-1 
(gbs. mole-1).9 This unit also is used later for en­
tropy, free energy/temperature, and heat content/ 
temperature.

The Heats of Fusion and Melting Points of 
NaOH H20  and its Eutectic with NaOH.—The
measurement of the heat of fusion of NaOH-H20  
was complicated by the fact it was off the mono­
hydrate composition. Thus the total heat of 
fusion applies to the melting of some eutectic 
mixture as well as to the monohydrate.

The procedure adopted was as follows: one run 
started well below the melting point of the eutectic 
and continued to a temperature above the melting 
point of the monohydrate. In order to allocate the 
proper portion of this total heat to the eutectic and 
the residual monohydrate, a second series of short 
runs was made to determine the melting tempera­
ture as a function of heat input. The J'CpdT was 
subtracted from the heats added to give the net 
heat used for fusion. These results are shown in 
Fig. 2 as the curve with two sections convex up­
ward. The uninterrupted run had the highest ac­
curacy and was given 100% weight in evaluating 
energy. The second series of many short runs gave

(9) 1 gbs. = 1 defined cal./defined °K. W. F. Giauque, E. W. 
Hornung, J. E. Kupzler, and' T. R. Rubin, J. Am. Chem. Soc., 82, 62 
(I960). ' ' "

T able  II
M olal H eat  C apacity of NaOH-0.97776H2O 

1 “mole” =  0.02224 mole of NaOH +  0.97599 mole of 
NaOH-HjO

0°C. =  273.15°K. Units are gbs. mole-1

T, °K. Cp T, "K. CP T, ‘'K. Cp
Series I 93.237 9. 437 258. 243 19.684

14. 640 0.172 100.640 1 0 . 125 266. 451 20.041
15. 805 .226 108.459 1 0 .838 274. 178 20.354
17. 270 .304 116.411 1 1 .521 281. 991 20.718
19. 265 .426 124.296 1 2 . 156 290. 056 21.056
2 1 .385 .583 132.233 1 2 . 754 298. 196 21.424
23. 770 .785 140.212 13. 343 306 534 21.690
26. 190 1.011 148.182 13. 877 314. 703 22.295“
28. 719 1.298 155.870 14. 350 321. 495 22.698“
31. 728 1.663 163.733 14. 839 338 .25 Melted

NaOH-H20
35. 341 2.115 171.810 15. 306 343. 751 37.74
38 665 2.553 179.627 15. 760 348 .539 37.25
41 563 2.954 187.407 16 .177 353 .697 37.42
45 .091 3.443 195.224 16 .609 Series II
49 .493 4.083 202.756 16 .999 301 .862 21.610
54 .442 4.728 210.416 17 .383 310 .080 2 2 .002°
59 .433 5.409 218.191 17 .759 338 .25 Melted

NaOH-H20
64 .481 6.087 226.063 18 .168 343 .751 38.19
69 .989 6.779 233.965 18 .542 349 .527 37.77
76 .196 7.522 241.893 18 .915 355 .027 38.63
82 .888 8.322 249.963 19 .305

“ Premelting of NaOH-NaOH-H20  eutectic, to be dis­cussed below.
a total heat of fusion 0.22% lower due to the in­
creased sources of error, but the curve of tempera­
ture vs. heat added should provide an accurate shape 
factor. The increments of the interrupted run 
were all increased by 0.22% to bring them into con­
formity with the more accurately known total heat 
although the effect of doing this was trivial in de­
termining the heat used for the eutectic.

The integral heats added, including the 0.22% 
adjustment, vs. temperature during the detailed 
heat of fusion are given in Table III.

T able  III
H eat A dded M inus J ' C p d T  for 1 “ M ole”  of 

NaOH-0.97776H2O, cal. m ole -1
T, °K. E -  fCpAT T, °K. E -  fC vAT

327.84 4.3 336.202 445.7
330.73 6.4 337.025 585.5
333.319 17.5 337.447 730.6
334.873 58 5 337.869 1107.9
335.339 130.4 338.077 1881.4
335.517 210.3 338.255“ 3416.0
335.604 292.5 NaOH-IUO melting 

complete
Eut. melting complete (338.25) 3708.9
(335.64) (390) 338.25 True m.p.
335.78 True m.p
“ Temperature too high. See discussion in text.
Figure 2 shows the break in the curve at 390 cal. 

mole-1 of NaOH present, as the heat required to 
melt the eutectic. Figure 2 at (a) shows a plot of 
temperature vs. the reciprocal of the fraction of the 
eutectic melted and this is extrapolated to the eutec-
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tic melting point, 335.78°K., at the hypothetical 
limit of (1 / / )  =  0. It may be noticed that the 
upper temperature limit of eutectic melting occurs 
0.14° lower than the true melting point due to im­
purity. Impurity such as carbonate would be 
soluble and relatively concentrated in the small 
amount of liquid resulting from eutectic melting. 
This may be shown to correspond to a total im­
purity of 0.023 mole %  in the sample.

A similar treatment of the sample of NaOH- 
0.04014H20  gave 120 cal. for the amount of heat 
associated with 1 mole of NaOH. The melting 
temperature was found to be 336.1°K., which agrees 
approximately with the more accurate value 335.78° 
K.

Three sets of measurements were made on the 
eutectic melting accompanying the heat capacity 
measurements of the NaOH-0.04014H2O. All of 
the series were broken into partial runs but the 
third run was specifically designed to give detailed 
information concerning the shape of the tempera­
ture vs. fraction melted curve in the upper portions 
which are useful in the T vs. 1 / /  plot. The second 
run was designed to give the most accurate value of 
the total energy through the whole region. The 
first run terminated with a broken vacuum line 
before melting was complete but was useful in 
showing energy agreement over the region covered.

The useful information is presented in brief 
form in Table IV which as in Table III shows the 
detailed run corrected to exact agreement with the 
more accurately measured total energy. The data 
on the eutectic melting during measurements on 
the NaOH-0.0401H2O are considerably less accu­
rate than those on the monohydrate, partly because 
the heat of fusion per mole of NaOH present is only 
about 1/3 of the former and both values are the 
excess over y'C'pdT. Also, the vacuum was poor 
and variable during these measurements in the 
range above 300°K. The later work on NaOH- 
H20  had improved conditions. However, all of the 
three series of excess heat absorption agreed to 
within 5%.

T able IV
H eat  A dded M inus J"Opd r  for  1 “ mole”  of 

NaOH-0.04014 H20, cal. mole"'1

T, °K. e  -  y c p d r T, °K. e -  y u p d r
Series 2 Series 3

317.86 0.0 332.865 26.0 from
Series 2

320.92 3.2 334.97 55.65
323.99 4.9 335.188 69.3
327.01 6.5 335.343 84.1
329.88 8.9 335.457 99.7
332.25 2 2 . 2 335.569 114.5
334.58 37.3 336.131 120

335.40 82.5
336.50 120

According to phase relationships, such as th(
indicated on the diagram given by Standiford and 
Badger10 showing NaOH-0.5H2O as an existing 
phase, an over-all composition of NaOH-0.04014- 
H20  should lead to a peritectic at about 370 °K.

(10) F. C. Standiford and W. L. Badger, Ind. Eng. Chem46, 2400 
(1954)

between NaOH and NaOH-0.5H2O and no eutectic. 
The fact that heat absorption occurred below 336° 
K. could mean that a portion of a hydrate such as 
NaOH-0.5H2O failed to crystallize in the present 
experiments on NaOH-0.04014H20, although we 
consider that there never have been experimental 
data good enough to provide a reasonable basis for 
assuming the existence of a solid with a composition 
at or near NaOH-0.5H2O. The sample was cycled 
through the region of heat absorption several times 
without changing the heat requirement appreciably. 
We concluded that no peritectic reaction such as 
that indicated by Standiford and Badger occurred 
during the cycling, especially considering the op­
portunity for a reaction between the small amount 
of monohydrate surrounded by such a large excess 
of anhydrous NaOH.

We hesitate to make an alternative assumption 
that the temperature 336.1°K. corresponds to the 
peritectic temperature of NaOH and a compound 
such as NaOH-0.5H2O, for which there is no evi­
dence, and it seems necessary to assume that the two 
heat absorptions apply to the melting of the same 
eutectic at 335.78°K.

If the compositions of the two primary eutectic 
phases were known, the two eutectic heats, together 
with the over-all compositions of the NaOH- 
0.97776II2O and NaOH-0.04014H20 , will give both 
the molal heat of fusion of the eutectic and its com­
position. When this calculation was made assum­
ing pure NaOH and NaOH-H20  as the phases, the 
eutectic composition derived was 72.3 wt. %  NaOH. 
However, Brodale and Giauque11 found the eutec­
tic composition to be 73.1%. In order to obtain 
the correct value of the eutectic composition it 
would be necessary to increase the 120 cal. “ eutectic 
melting heat”  to 157 cal. mole-1 of NaOH present.

There are at least two rather obvious ways of ex­
plaining this discrepancy.

A. When the molten sample of NaOH-0.04014- 
H20, at 350°, was poured into the gold calorimeter, 
it was essentially quenched and the dissolved water 
may well have been dispersed in microscopic phase 
regions, possibly with a considerable size distribu­
tion, ranging to macroscopic. It is difficult to predict 
the effect of this on the eutectic heat of fusion, melt­
ing temperature range, and composition. Assuming 
NaOH as an essentially pure phase, solidification of 
the eutectic would mean adding NaOH to the macro­
scopic enclosing solid, leaving microscopic NaOH- 
H20 . We would expect that both the microscopic 
melt and the microscopic NaOH-H20  would be 
subjected to large negative pressures as the bulk 
material cooled and that the solid monohydrate 
would have the much larger negative pressure. 
Thus the free energy of the NaOH-H20  would be 
reduced much more than its partial molal free 
energy in the microscopic melt and the melting 
point would be raised. Also, some of the micro­
scopic melt inclusions may have failed to crystal­
lize, thus reducing the measured heat of fusion. 
The plot of T vs. 1 / / ,  which yields T =  336.1°K. 
by extrapolation rather than 335.78°K., as ob­
tained from the monohydrate, would lose much of

(11) G. E. Brodale and W. F. Giauque, J. Phys. Chem., 66, 2051 
(1962).
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its meaning since its slope would be a function of 
the effect of particle size on melting temperatures 
over the size distribution. There is at least some 
reason to suspect the slope of the T vs. 1 / /  curve of 
NaOH-0.04014H20  which appears to be about 40% 
greater than would be expected from the impurity 
as otherwise estimated. It is difficult to see how 
the production of microscopic phase deposition 
could have been avoided. It is somewhat analo­
gous to the well known mechanism used in “ pre­
cipitation hardening” of alloys. It would explain 
the observed average melting temperature around 
336.l°Iv. vs. the 335.78°K. value from the water- 
rich sample. Not only do we have confidence in the 
thermometry, but Brodale and Giauque11 checked 
the lower value at 335.76°K. The temperature 
discrepancy is far beyond the limit of error and 
leads us to prefer the above explanation rather 
than the one which follows.

B. It is, however, also possible, as a limiting 
case, that the solid eutectic phases are a dilute 
equilibrium solid solution of NaOH-H20  in NaOH 
and pure NaOH ■ H20.

It is, of course, possible that a combination of 
(A) and (B) have complicated the measurements. 
The data have been analyzed on assumption (B) 
and this is important, because if a solid solution of 
NaOH-H20  in NaOH is present in the eutectic 
of the well behaved low melting NaOH -0.97776- 
H20, the effect should be considered. Fortunately, 
it is possible to show that the molal heats of fusion 
of the eutectic and NaOH • H20, as derived from the 
results on NaOH-0.97776H2O, are independent of 
the amount of water which may possibly be present 
in the NaOH phase as a solid solution.

The analysis is as follows; the two phases are 
NaOH-H20  and solid solution NaOH-AH20. 
NaOH-0.04014H20  will contain 0.95986/(1 — A) 
moles NaOH-AIBO and (0.04014 — A)/( 1 — A) 
moles NaOH-H20  and this phase controls the 
amount of related eutectic. NaOH • 0.97776H2O 
will contain (0.97776 — A)/( 1 — A) moles NaOH- 
H«0 and 0.02224/(1 -  A) moles NaOH AH20  and 
this phase controls the amount of related eutectic.

Considering the over-all eutectic composition, 
let the molal ratio HoO/NaOH = B. The eutec­
tic wt. %  of NaOH = 73.1%.

B =  0.817

The ratio moles NaOII-H20/moles NaOH-AH20  
=  (B — A )/(l — B) in the eutectic. Combining 
the above equations it is found that

NaOH-0.04014H,0 has
(0.04014 -  A)
---- — ----- ——  moles eutectic

(B -  A)

and

NaOH-0.97776H2O has
0.02224 
0  -  B)

0.1210 moles eutectic

It may be noted that the number of moles of 
eutectic in the water-rich sample is independent

of A. The eutectic heat of fusion is 390/0.1216 =  
3207 ±  100 cal. mole/ 1 and 120/3207 =  (0.04014 — 
A)/(B  — A) from which A is found to be 0.010 
and the solid solution NaOH-0.010H2O, at the 
eutectic melting point, 335.78°K.

Using the aoove compositions it is found that 
the amount of monohydrate to be melted after 
the conclusion of the eutectic melting is 1 -  0.1216 =  
0.8784 mole. The melting heat added after the 
completion of eutectic fusion was 3317 cal. mole-1 
of NaOH present in the sample, and the heat of 
fusion of NaOH-H20  =  3317/0.8784 =  3776 ±  
30 cal. mole-1, and this result is independent of A, 
since the analytical result B contains the informa­
tion.

The consequences of correcting the heat capacity 
measurements for NaOH-H20  in possible micro­
scopic states or in solid solution in NaOH requires 
comment. In the case of the derived data for 
pure NaOH-H20, based on a sample NaOH- 
0.97776H2O, the effect should be negligible. There 
is such a small proportion of the nearly pure NaOH 
phase present that a considerable error in its 
heat capacity would be necessary to produce an 
effect. There is of course no expectation of micro­
scopic phases it. the NaOH-0.97776H2O sample.

The possibility of error in deriving the heat 
capacity of pure NaOH is greater but should be 
quite small, not only because the amount of Na­
OH -H20  in the NaOH is small, but because in 
general the heat capacity of microscopic phases is 
not greatly different from that of the macroscopic 
material. The principal interfacial surface tension 
effect is on the heat content and the increase at 
the absolute zero is comparable with that at 
ordinary temperatures, thus requiring only a 
minor heat capacity effect. It is believed that 
little error will be made by assuming that all 
NaOH H20  in the NaOH-0.04014H20  sample 
may be considered to have the same heat capacity 
as pure NaOH-H20  and this has been done.

A curve of T vs. 1/fraction of NaOH-H20  melted 
is shown at (b) in Fig. 2. The fraction of mono­
hydrate melted at any point included the portion 
melted as part of the eutectic. This particular 
plot is not as appropriate as that for the eutectic 
melting temperature since the lowering in this 
case is essentially all due to NaOH, which may be 
regarded as a dissociation component of the 
compound. In such a case the melting tempera­
ture curve must be flat at the compound compo­
sition and linear extrapolation of the T vs. l/f curve 
between 1.0 and 0 is not valid. For this reason 
the l/f vs. T curve was given zero slope as it ap­
proached the T axis. The melting point was found 
to be 338.25 ±  0.05°K.

The melting of an off composition substance 
such as that considered here presents some dif­
ficulty in its final stages as follows: as the melting 
proceeds, the heavier residual solid will sink to the 
bottom and final melting will produce a liquid 
somewhat closer to the composition of pure NaOH- 
H»0 near the melting surface than that in the upper 
portion of the calorimeter. A  close examination 
of the temperature data near the final melting 
temperature indicated that the small amount of
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residual solid had brought the calorimeter tempera­
ture to the true melting point.

The Heats of Solution of NaOH and NaOH H20.
Since the idea that a solid phase of composition 

at or near NaOH-0.5H2O got its start from the 
early heat of solution work of de Forcrand,4 it 
was decided to repeat his experiment.

Five solid samples of various proportions of Na­
OH and H20  in the range of 0-1 H20/N aOH  were 
investigated. The measurements were carried out 
in a calorimeter similar to that described by Kunz- 
ler and Giauque.12 The various compositions 
were prepared in a manner similar to that used 
for the heat capacity determinations. The samples 
were sealed in glass cylinders with thin glass cover 
plates cemented with Apiezon wax on the bottom 
end and paraffin on the top end. The cover plates 
were broken under water by lowering a glass plunger 
to start the solution process. The weights were 
corrected for buoyancy.

The results are given in Table V. Corrections 
from the final concentration to infinite dilution 
were made by means of the data in Circular 500 
of the National Bureau of Standards.13

T able  V
H eats op Solution op Solid Samples op Oveb-all C om­

position NaOH-A'HaO in the R ange  0 -lH 2O
Mole

Mole ratio Corr. to
ratio H2O/ infinite AHsr,° to
H2O/ NaOH AH250, diln., infinitevvt. NaOH final cal. cal. diln.,

sample sample soin. mole -1 mole _1 cal. mole - 1
15.9634 0.97447 181 -5147 -1 3 7 -5284
14.6635 .79230 185 -6138 -137 -6275
14.4166 .51715 171 -7552 -137 -7789
11.8207 .26192 191 -9077 -1 3 7 -9214
11.4267 .11810 184 -9871 -1 3 7 -10 ,008

The heat of solution data are plotted in Fig. 3,
where they are compared with the measurements 
of de Forcrand.4 The present results show that 
the heat of solution is accurately linear when 
plotted vs. moles H20/m ole NaOH. This gives 
no support to the suggestion that there is an inter­
mediate compound between NaOH and NaOH- 
H20.

The data of de Forcrand are scattered about the 
straight line through the present results and we 
consider that any inference that an intermediate 
hydrate was present during his experiments, such 
as N a0H -2/3H 20  which he suggested, is not justi­
fied.

It also should be mentioned that Mauret,5 
who suggested NaOH-0.5H2O, did so on the basis 
of loss in weight during the evaporation of solu­
tions over the range 100 to 160° until a change in 
slope in the amount vs. time curve appeared. We 
prefer to interpret his experimental observation of 
a gradually changing rate as corresponding to the 
appearance of solid NaOH. At these temperatures 
the saturated liquid has approximately the com­
position NaOH-0.5H2O. We do not see how such

(12) J. E, Kunzler and W. F. Giauque, J. Am, Chem. Soc., 74, 
3472 (1952).

(13) “ Selected Values of Chemical Thermodynamic Properties,” 
Series I, Natl. Bur. Std. (U. S.), Circ. 500, Table 92-3, Feb. 1, 1952.

Moles EkO/moles NaOH.
Figure 3.

an experiment can give information on the com­
position of a solid phase. His X-ray data are in­
conclusive.

Extrapolation of the straight line in Fig. 3 gives 

NaOH = NaOH (infinite diln.)AH298.16°K =
-10,653 ±  10 cal. mole“ 1 

NaOH-H20  =  NaOH(infmite diln.) A / / 293.16° k  =
— 5134 ±  10 cal. mole-1

From the comments made previously concerning 
the possibility of a dilute solid solution of NaOH- 
H20  in NaOH as an equilibrium solid phase, one 
must consider the possibility that the solids in 
the heat of solution experiments contained phases 
such as NaOH-H20  and a dilute solid solution 
such as NaOH-0.010H2O. This would not in­
validate the conclusion with respect to the absence 
of evidence for an intermediate compound such as 
NaOH-0.5H2O.

However, with respect to the extrapolated value 
for the heat of solution of pure NaOH, the exist­
ence of a dilute solid solution would mean the as­
sumption of Raoult’s law over a range within 1 
mole %  of the pure substance, which should lead 
to little error.

The effect of possible microscopic phase regions 
is more difficult to visualize. The most concen­
trated sample was NaOH • 0.1181H20  and this seems 
less likely to have produced microcrystals in a 
mixture of 0.1181 mole NaOH-H20  +  0.8819 
mole of NaOH. In any case, no deviation from 
linearity in the heats of solution was observed at 
this point.

Thermodynamic Properties of NaOH and NaOH- 
H20 .—Values of Cp at even values of the tempera­
ture were read from smooth curves through the 
data for NaOH-0.04014H20  and NaOH-0.97776- 
H20. The values for the pure phases were then 
obtained by calculation.

Tables of the heat capacity Cp0, the entropy 
¿¡u, — (F° — H00)/T, and (H° — H0°)/T were prepared 
by the usual methods. F and H  refer to free energy 
and heat content, respectively.

The values are given in Tables VI and VII. The 
table for NaOH was extended to 1000 °K. by com­
bination with the data of Douglas and Dover.2 
The low temperature heat capacity data were
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joined smoothly with the values derived from the 
heat content differences of Douglas and Dever at 
higher temperatures. A recalculation of the heat 
content differences in terms of the data in Table 
VI gives values 0.3% high at 100° and 0.1% low 
at 200°, and these amounts are well within the limit 
of accuracy at these temperatures.

T able  VI
T hermodynamic P roperties op NaOH 

Units are gbs. mole-1
-(¿™ -  ffo»)/ (H° — //»»)/

T, °K. C P° S« T T
15 0.088 0.020 0.007 0.013
20 .198 .059 .015 .044
25 .364 .119 .029 .090
30 .597 .205 .051 .154
35 .895 .319 .081 .238
40 1.263 .462 .119 .343
45 1.671 .634 .166 .467
50 2.098 .832 .223 .609
55 2.545 1.052 .288 .764
60 3.016 1.294 .362 .932
70 3.967 1.830 .532 1.298
80 4.877 2.422 .731 1.691
90 5.832 3.056 .954 2.102

100 6.631 3.712 1.197 2.515
110 7.384 4.380 1.456 2.924
120 8.185 5.053 1.727 3.325
130 8.717 5.726 2.009 3.716
140 9.292 6.393 2.298 4.094
150 9.810 7.052 2.594 4.459
160 10.294 7.701 2.893 4.809
170 10.737 8.339 3.194 5.145
180 11.140 8.964 3.497 5.467
190 11.510 9.577 3.801 5.775
200 11.850 10.176 4 105 6.071
210 12.172 10.762 4.408 6.354
220 12.468 11.335 4.710 6.625
230 12.737 11.895 5.010 6.885
240 12.996 12.443 5.309 7.134
250 13.238 12.979 5.605 7.374
260 13.472 13.503 5.899 7.604
270 13.694 14.016 6.190 7.826
273.15 13.759 14.174 6.281 7.893
280 13.900 14.517 6.478 8.039
290 14.086 15.008 6.764 8.244
298.15 14.228 15.400 6.995 8.405
300 14.260 15.489 7.047 8.442
310 14.413 15.959 7.327 8.632
320 14.561 16.419 7.604 8.815
323.15 14.606 16.562 7.691 8.871
330 14.700 16.869 7.878 8.992
335.78 14.776 17.125 8.035 9.090
338.25 14.807 17.233 8.102 9.131
340 14.830 17.310 8.149 9.161
350 14.945 17.741 8.417 9.324
375 15.220 18.782 9.073 9.709
400 15.520 19.773 9.711 10.062
425 15.936 20.726 10.332 10.394
450 16.481 21.652 10.935 10.717
475 17.178 22.561 11.523 11.038
500 17.963 23.462 12.097 11.365
525 18.806 24.358 12.660 11.698
550 19.711 25.254 13.212 12.042
566.0(a) 20.303 25.827 13.560 12.267

566.0(/3) (20.56) 28.51 13.56 14.951
575.0 (20.56) 28.84 13.80 15.038
592.3(/3) (20.56) 29.45 14.25 15.200
592.3(1) 20.58 32.01 14.25 17.765
600 20.57 32.28 14.48 17.801
650 20.50 33.92 15.91 18.012
700 20.43 35.44 17.25 18.186
750 20.36 36.84 18.51 18.333
800 20.29 38.16 19.70 18.458
850 20.22 39.38 20.82 18.564
900 20.15 40.54 21.89 18.654
950 20.08 41.62 22.89 18.731

1000 20.01 42.65 23.85 18.796

T able  VII
T hermodynamic P roperties of NaOHILO

Units are gbs. mole 1
-(So _  Ho«)/ (K0 _

T, °K. Cp” S» T Ho*)/T
15 0.190 0.057 0.014 0.043
20 .484 .149 .035 .114
25 .909 .301 .072 .229
30 1.468 .514 .127 .387
35 2.098 .787 .201 .586
40 2.771 1.112 .294 .818
45 3.470 1.479 .405 1.074
50 4.166 1.881 .532 1.349
55 4.856 2.310 .674 1.636
60 5.543 2.762 .829 1.933
70 6.846 3.717 1.173 2.544
80 8.060 4.711 1.553 3.158
90 9.170 5.726 1.960 3.766

100 10.157 6.744 2.387 4.357
110 11.054 7.754 2.820 4.925
120 11.898 8.753 3.282 5.471
130 12.377 9.737 3.740 5.997
140 13.403 10.703 4.203 6.500
150 14.078 11.651 4.668 6.983
160 14.708 12.580 5.134 7.446
170 15.306 13.490 5.509 7.891
180 15.884 14.381 6.062 8.319
190 16.438 15.255 6.523 8.732
200 16.968 16.111 6.081 9.130
210 17.479 16.952 7.436 9.516
220 17.982 17.777 7.887 9.890
230 18.477 18.587 8.335 10.252
240 18.958 19.383 8.779 10.604
250 19.440 20.167 9.218 10.949
260 19.898 20.939 9.655 11.284
270 20.341 21.698 10.087 11.611
273.15 20.480 21.934 10.222 11.712
280 20.783 22.446 10.515 11.931
290 21.210 23 183 10.939 12.244
298.15 21.544 23.775 11.281 12.493
300 21.620 23.909 11.359 12.550
310 22.018 24.624 11.775 12.849
320 22.492 25.329 12.188 13.141
323.15 22.521 25.548 12.317 13.231
330 22.775 26.024 12.597 13.427
335.78 22.986 26.421 12.832 13.589
338.25(S) 23.074 26.590 12.931 13.659

The Dissociation Pressure of Water over the 
System NaOH H20-NaOH from the Third Law of 
Thermodynamics.—The above data, combined 
with available data on water, enable the calculation
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of the dissociation pressure of sodium hydroxide 
monohydrate as a function of temperature.14

H20(g), (S298.i5»k =  45.106 gbs. mole-1

H° -  H0°\
----- —-----  1 =  7.941 gbs. mole-1

7  / 2 9 f . l 5 ° K

NaOH-H20  =  NaOH +  HsO(l)
A H W n =  5519 cal. mole-1 

H,0(1) =  H20(g) Af7°298.i5 =  10,520 cal. mole-1

NaOH-H20  =  NaOH +  H20(g)
AH°i98,15 = 16,039 cal. mole-1 

Using data from Tables V and VI

AUo0 = 14,890 cal. mole-1 

A<S°293.i5 = 36.731 gbs. mole-1 

AU293.i5oK =  5088 cal. mole-1 =
— RT  In P Hjo (atm.)

P h2o =  1.86 X 10-4 atm. =  0.14 mm. at 298.15°K.
Baxter and Starkweather15 made careful de­

terminations of the vapor pressure of water over 
sodium hydroxide and its “ lowest hydrate”  at 
0, 25, and 50°. Their results are given in Table

(14) “ Selected Values of Chemical Thermodynamic Properties,” 
Series III; Natl, Bur. Std., March 31, 1947; June 30, 1948.

(15) P. Baxter and H. W. Starkweather, J. Am. Chem. Soc., 38, 2038 
(1916).

VIII together with values calculated by means of 
the present data and the third law of thermo­
dynamics.

Table VIII
Calculated and Observed  V alues of the D issociation 

P ressure of W ater  over  NaOH-H20-NaOH, mm .
T, °K. -Pealed Pobsd B. I- S.(actual obs)

273.15 0.012 0.04 (0.05, 0.03, 0.03)
298.15 0.14 0. IE (0.16, 0.15, 0.15)
323.15 1.14 1.15 (1.13, 1.15, 1.16)
335.78 1.93 Eutectic

The excellent agreement, particularly at 
323.15°K., where observational accuracy is greatest, 
indicates that NaOH and NaOH-H20  approach 
zero entropy at limiting low temperatures. The 
lack of agreement at 273.15°K. is not surprising in 
view of the low pressure and presumably the slower 
equilibrium rate. We regard fortuitous cancella­
tion of equal amounts of zero point entropy as 
highly improbable in such a case.

The agreement also indicates that the “ lowest” 
hydrate in the experiment of Baxter and Stark­
weather was NaOH-HzO. They passed moist 
air over pea-sized pieces of NaOH in a tube 70 
cm. long and 1.5 cm. in diam. and the extensive 
surface should have provided considerable op­
portunity for the formation of any stable inter­
mediate hydrate such as NaOH-0.5H2O.

Acknowledgment.—We thank G. V. Calder for 
assistance with the experimental measurements 
and G. E. Brodale for assisting with the calculations.

EXPERIMENTAL INVESTIGATIONS ON THE LIGHT SCATTERING OF 
COLLOIDAL SPHERES. IV. SCATTERING RATIO1

B y  W ilfried  H eller  and R ichard  T a b ib ia n 2

C h e m i s t r y  D e p a r t m e n t ,  W a y n e  S t a t e  U n i v e r s i t y ,  D e t r o i t ,  M i c h i g c  n  
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Light scattering of 18 monodisperse polystyrene and polyvinyltoluene latices was investigated a t an angle of 90° with re­spect to an incident linearly polarized beam whose electric vector was, in succession, parallel and perpendicular to the plane of observation. The ratio of the two quantities obtained, designated as “scattering ratio,” a—-which is closely related to depolarization and polarization ratio—was found to be a very useful quantity for absolute particle size determinations except for particle diameters < l / i n  (on use of visible light), a particular advantage being the relative insensitivity to changes in the solid angle of the scattered beam. Partial investigation of the spectra of <r eliminated the problem of multivaluedness of results inherent in any measurement of lateral light scattering. The concentration dependence of a  was investigated in detail. The particle diameters obtained from <r, evaluated on the basis of theoretical data derived from the Mie theory, agreed very satisfactorily with electron microscopic results (range covered, 135 to 824 mu).
I. Introduction

Size determinations on colloidal spheres from the 
total scattering at 90° with respect to the direction 
of the primary beam give results which are in satis­
factory agreement with electron microscopic data3

(1) This work was supported by the Office of Naval Research. A 
preliminary account of this work was given at the 134th National Meet­
ing of the American Chemical Society, Chicago, Illinois, September, 
1958.

(2) E. I. du Pont de Nemours & Co., Elastomer Chemicals Depart­
ment, Wilmington, Delaware.

(3) R. Tabibian and W. Heller, J. Colloid Sci., 13, 6 (1958).

if the Mie theory is used. This method requires 
an instrument constant in order to translate the 
experimental data into absolute light scattering 
data. The principal objective of the present in­
vestigation is to outline a new modification of 90° 
measurements, related to depolarization measure­
ments, which yields an absolute method of particle 
size determination. It consists of measuring the 
ratio of the total intensities of light scattered at 
90° from an incident monochromatic linearly 
polarized beam whose electric vector vibrates first



2060 W i l f r i e d  H e l l e r  a n d  R i c h a r d  T a b i b l a n Vol. 66

parallel and, subsequently, perpendicular to the 
plane of observation. This ratio has been desig­
nated as “ scattering ratio.” 4

II. Definitions
The light scattered by an isotropic sphere at an 

angle 7 of 90° relative to the reverse direction of an 
incident unpolarized beam is completely linearly 
polarized if a -*■ 0 6 and if the scattering process is 
not complicated by scattering from neighboring 
spheres. The plane of polarization of the scattered 
light is perpendicular (_l ) to the plane of observa­
tion. This is characteristic for Rayleigh scatter­
ing, he., pure dipolar scattering. Tor spheres of 
larger relative size, a , the light scattered at 90° is 
found to be only partially polarized, a component 
vibrating in the plane of observation with an 
intensity J \ \ being observed in addition to the 
perpendicular component of intensity .7±. Here, 
J is the intensity, at 7 , of the scattered beam per 
unit intensity of the incident beam at unit distance 
from the sphere. The intensity of both J±  and 
Jll depends upon the diameter, D, the relative re­
fractive index of the particles, to, and the vacuum 
wave length, X0, of the incident light. The state 
of polarization of the scattered light, determined 
by inserting an analyzing prism in the path of the 
scattered beam can, therefore, be used as a criterion 
of their size. It may be expressed in different 
ways, the various possible definitions being inter­
related. The definition of interest here is the 
depolarization

A =  (,/||/./x)s (1)

a quantity introduced by Gans.6 This quantity 
simply represents the ratio of intensities of the two 
orthogonal components of light scattered by one 
sphere from incident unpolarized light.7 The sub­
script, s, added to the conventional definition of A 
specifies that the symbols [| and _L pertain to the 
electric vectors of the scattered components. 
Since Jy and J  j_ vary with a, A-measurements are 
suitable and have been used for particle size 
measurements.

Instead of operating with an incident beam of 
unpolarized light, one may use linearly polarized 
light obtained by inserting a polarizing prism 
between light source and scattering system. We 
shall consider two cases: (a) the electric vector of 
the incident polarized beam is perpendicular to 
the plane of observation; (b) it is in the plane of 
observation. In the former case, finite scattering 
occurs at any a, the scattered beam is linearly 
polarized, and its electric vector is perpendicular to 
the plane of observation. In the latter case, 
scattering of finite intensity occurs only outside of

(4) W. Heller, W. J. Pangonis, and N. Economou, J. Chem. Phys., 
34, 971 (1961).

(5) a = where D is the diameter of the sphere and X is the
wave length in the medium.

(6) R. Gans, Phys. Z., 28, 661 (1927).
(7) The definition of eq. 1 is limited to 90°, where J|| —*■ 0 

as the particle diameter approaches zero. If used at other 7 -values, 
J\\/J A. therefore no longer represents the degree of depolarization. 
The term “ polarization ratio” used by LaMer and co-workers (M. 
Kerkerand V. K. LaMer, J. Am. Chem. Soc., 72, 3519 (1950), andlater 
papers by LaMer and associates) is then more suitable. At 90°, of 
course, the polarization ratio is identical with the depolarization A.

the range of Rayleigh scattering, the scattered 
beam again being fully polarized with the electric 
vector vibrating in the plane of observation. The 
variation in the intensity of the scattered beam 
with a has been computed for both cases consider­
ing a wide range of a-values4 and several relative 
refractive indices to. The ratio of the two inten­
sities, defined as “ scattering ratio”

<r =  ( /,!  / /_ 1)1 (2)
also varies extensively with a so that it provides 
an alternate method for determining absolute 
particle sizes (no need for an instrument constant). 
(The subscript i specifies here that the symbols 11 
and x pertain tc the electric vector of the incident 
beam.)

In view of the full polarization of the scattered 
beam in both case (a) and case (b), it is clear that 
for spheres

<y =  A (3)
so that the choice between a and A-measurements 
depends exclusively on methodical considerations.8 
^-measurements have the following experimental 
advantages: (1) Tine minor aberrations in the 
fight path of the primary beam due to rotation 
of a polarizing prism inserted in the path of the 
primary beam (admeasurement) have a smaller 
effect upon the measurements than the minor aber­
rations of the scattered beam due to rotation of an 
analyzing prism inserted in the path of the scattered 
beam. (2) The absence of the refracting analyzing 
prism necessary in A-measurements simplifies 
calculation of the solid angle pertinent to the scat­
tered fight received by the photocell. (3) The solid 
angle which can be used for the scattered beam in 
A-measurements is far more restricted because of 
the transmittance of natural fight through an 
analyzing prism at sufficiently large solid angle.

In actual experiments, one does not determine 
the intensity of fight scattered by one sphere but 
that scattered by a dispersed system containing 
N  spheres per ml. viz.

I x  — JiN rHo, and (4)

I|| =  J |\Nr2I a ergs c m r s sec.-1 (4a)
Here, r is the photometric distance, I  is the in­
tensity scattered per unit solid angle through a dif­
ferential cone at the angle 7, and 70 is the intensity 
of the primary beam. From I x and I\ \ one derives 
the corresponding pair of specific scattered in­
tensities

I±/h<P =  J ±r2/V =  tiJ xr2ir2/\3a3 an(i (6)

7||//oy =  J\\r'2/V =  6/||r27r2/X3a3 (5a)
where y is the volume fraction of the spheres and V 
the volume of one sphere. On considering, in­
stead, the concentration, c, in g./lOO g., one ob­
tains the corresponding pair

(7x/7oc) = (I±/Iu<p)(pn/P2) X 10- 2 (6)
(8) A combination of both techniques provides a sensitive means of 

ascertaining whether or not the scattering particles are spherical, since 
for non-spherical particles a A.
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(/|l/70c) =  (Z||/Z0̂ )(pi2/P2) X 10 2 (6a)
Here p2 is the density of the spheres and pi2 is that 
of the entire system.

It is clear that the ratio of each of the three pre­
ceding pairs of equations, viz., I\\/I±, is identical 
with J\\/J± = <j provided that interference be­
tween the scattering of the N  spheres does not 
complicate matters. This complication of mul­
tiple scattering is easily excluded by extrapolating 
the experimental (7||/x)-values to zero concentra­
tion. It is, therefore, useful to introduce the 
symbol <r0 in order to emphasize the fact that the 
experimental ratio has been extrapolated to zero 
concentration and is, therefore, directly comparable 
to the ratio (J\\/J±) derived from theory. In 
contradistinction, a shall refer to experimental 
data obtained at finite concentration. It may be 
noted that the concentration of the dispersed system 
does not enter explicitly in the value <r0 in contra­
distinction to measurements of the specific-turbid­
ity9 or of the specific intensity of light scattered at 
90° from an unpolarized beam.3

III. Experimental Procedure
The model systems used were monodisperse latices of polystyrene and polyvinyltoluene made available through the courtesy of Dr. J. W. Vanderhoff of the Dow Chemical Co. The latex samples as received contained 30-50% solids. The preparation of dilute latex for the light-scattering measurements was carried out in the following manner. A small amount of latex was diluted with freshly prepared double distilled water in a centrifuge bottle of 250-ml. ca­pacity to reduce the concentration to about 0.5-1.0%. The dilute latex was then centrifuged at about 350 g  for 20 min. to remove any agglomerates tha t might have been present. One hundred ml. of the supernatant suspension was pipetted into a flask. The polymer concentration was determined by accurately weighing out about 25 g. of this suspension and evaporating it to dryness in a partial vacuum at 80° and then weighing the dried solids. A series of dilutions was made volumetrically from the remainder of the centrifuged latex by adding double distilled water to portions measured with a 10-ml. buret into volumetric flasks. The volume additivity, verified in these systems, allow'ed the concentration to be expressed in grams per 100 g. for any of the diluted samples obtained. These samples were kept in Pyrex glassware which had been carefully cleansed and subsequently steamed out for several minutes. To safeguard against any changes taking place in the samples upon prolonged standing at room temperature, all measurements were made within 3 days of the time when they were first prepared.The apparatus used is shown in Fig. 1. For the present work, the interchangeable light source, S, was always a Hg- vapor lamp, type AH4. Its brightness can be kept constant, within ±0.25% , by a Sorensen voltage regulator, Model 500-S. The light beam enters the scattering apparatus at the variable entrance slit A2, after having passed consecu­tively through a liquid filter, F, a collimating system, L,L2, a single prism monochromator, M, and a compensator, C. The section of the scattering apparatus between the aper­tures As and Aj is the same as used for turbidity measure­ments9 except for the insertion of a Glan-Thompson prism, N, between R and A3. The scattering cell SC, whose front window faces A3, is a Rayleigh horn. The shaded rectan­gular area in the horn represents a cut through the mid­section of the cylindrical volume (0.043 ml.) from which scattered light reaches the phototube a t PT2. The Rayleigh horn, painted black throughout except for the entrance and observation window, has the well known advantage of com­pletely eliminating back reflection of the primary beam by its absorption in the tail. The scattered light leaving the Rayleigh horn through the lateral observation window is recorded at PT2 by means of an IP  21 photomultiplier tube which is connected with a Photovolt photometer Model 520
(9) R. Tabibian, W. Heller, and J. N. Epel, J. Colloid Sci., 11, 195 

(1956).

s F L, Lj, Sh A, L3 D,

-I I- d8
Fig. 1.—Schematic diagram of entire light scattering ap­paratus: S, light source; F, infrared filter; L, Lenses; Sh, shutter; A, variable apertures; D, fixed diaphragms; M, monochromator; C, compensator for reducing partially polarized light to natural light R, reflecting plane parallel glass plates; N, Glan-Thompson prism; SC, scattering cell assembly; P, rotatable polaroids; PT, photomultiplier positions.

modified so as to give a higher sensitivity than the standard model. A light-tight rectangular box housing the phototube is fastened to a light-tight carriage fitted with guide rails so that the phototube can be switched back and forth between the positions PT2 and PT,. At the latter position, the in­tensity, I r, of the reference beam is recorded. This beam is split off the main beam by means of the plane parallel glass plate R. The reference beam carries about 11% of the in­tensity of the beam incident upon R. The intensity of the former can be varied between its original value and zero in 216 approximately equal steps by rotating the three polaroids Pi, P2, and P3 between six fixed stops. I t  is thus always possible to reduce / r to the order of magnitude of the intensity 7' measured at PT2 7' being between 10 _8 and 10“ 6 times as large as the intensity 70 of the primary beam incident upon the scattering system in the Rayleigh horn.The beam incident upon the Rayleigh horn, in absence of the compensator C, is partially polarized due to the con­certed effect of the reflections at the monochromator prism, M, and at the glass plate, R This partial polarization is eliminated by the compensator which consists of two plane parallel glass plates separated by an air space. The angle of incidence of the primary beam upon this double plate is varied by rotating the latter about an axis perpendicular to the primary beam and parallel to the plane of observation. Incorporation of a micrometer screw into the axis of ro­tation allows one to reproduce with high precision and for any wave length desired that angle of inclination which transforms the primary beam from a partially polarized into a fully polarized beam. The partial polarization of the incident beam, priol to the insertion of C, is taken advantage of for adjusting the Glan-Thompson polari­zing prism so that the plane of polarization of the beam inci
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dent upon tlie scattering system is exactly parallel or per­pendicular, respectively, to the plane of observation.10 After the subsequent insertion of the compensator, the photomultiplier tube is placed so as to face Ds and the in-
(10) Since the reflecting faces of the monochromator prism were ex­

actly vertical and the axis of the scattering apparatus exactly horizon­
tal, as checked by a level, the plane of observation was exactly hori­
zontal after adjustment of the prism. This facilitated the other ad­
justments.

clination of the compensator is adjusted until no change in galvanometer deflection is noted on rotating the polarizing prism between the two stops, 90° apart. Identity of de­flections does not necessarily indicate that the intensities of the two orthogonal components are strictly equal if the photosensitive area is slightly anisotropic. The anisotropy of the photosensitive area of the photomultiplier used was, therefore, checked carefully and, though measurable, was small enough (< 0.05) to be neglected in the present work.The primary beam entering the Rayleigh horn a t A3 is
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nearly parallel. Its divergence is defined by a solid angle wo =  1 X 10-4 steradian. The corresponding planar angle, 
co, i . e . ,  the half angle a t the vertex of a planar projection of the light cone, is 0.33°. The e f f e c t i v e  solid angle of the scat­tered beam is, after correction for refraction, 4.1 X 10~4 steradian (a —  0.66°) in presence of D!2. This is the arrange­ment used for most of the work reported elsewhere on 90° scattering from an unpolarized beam . 3 Since the size of the solid angle is far less crucial here (see section IV, C), it was increased in the present work to 1.5 X 10 ~3 steradian ( to  =  
1.3°) by removing D I2. The resulting increase in the inten­sity of the scattered beam received by the photocell consider­ably increased the relative precision of the measurements.

Compilation of the scattering ratio requires two sets of data. First the ratio I '\  | / / r is determined, the subscript 11 meaning, in terms of the experimental procedure, that the plane of polarization of the Glan-Thompson prism is set so as to coincide with the plane of observation. After rotating the prism by 90°, the second set of data, giving I '  _l / / r  is ob­tained .11 The ratio of these two quantities gives J||//_l since the instrument constant12 is identical for numerator and denominator.
Most of the measurements of the scattering ratio were madeowith the Hg green line (vacuum wave length Xo = 5461 A.). Additional data were obtained at other Hg-lines.13 The limiting quantity
(11) Each of these ratios is obtained from individual measurements 

at PTs and PTi. Several readings were taken in each position and 
averaged. The individual readings rarely differed by more than X 1 % 
from the average.

(12) The instrument constant allows one to convert the actually 
measured quantities J'|| and V  X into the absolute values I|| and I X, 
respectively. If needed, the constant is obtained by one of the various 
available calibration procedures (for a brief discussion see ref. 3). 
It is also possible, in principle, to calculate it. A first attempt in this 
direction3 led to an agreement between experimental and theoretical 
instrument constant to within 15%. The less good agreement reported 
earlier3 is due to the fact that the calculated instrument constant was in 
error by a factor of 2.0.

(13) For these other lines, the compensator setting had to be altered.

<To =  lim a (7)
c — 0

was obtained by making measurements a t several concen­trations and extrapolating to zero concentration. An ac­curate comparison between the experimental results and the theory is possible only if the relative refractive index, m  (relative to that of the dispersing medium), and the density, P2, of the scattering particles are known. The values used here are identical with those previously used8'9 for polysty­rene and polyvinyltoluene, namely 1.199 and 1.188, respec­tively.
IV. Experimental Results 

A. The Variation of <r with Concentration.—
The concentration dependence of <r is shown in Fig. 
2 ando3 for the standard vacuum wave length of 
5461 A. Nine of the eleven curves shown approxi­
mate straight lines very well within the range of 
low concentrations, so that an extrapolation to 
(To in most of these cases is quite easy and secure. 
This is a considerable advantage over the (7/70e) 
vs. c curves obtained with unpolarized incident 
light and also over the individual (I\\/I0c) vs. c 
and (J x/hc) vs. c curves which may be constructed 
from the data collected in connection with a- 
measurements. Those curves show, in general, an 
increase in slope with decreasing concentration. 
The two samples for which extrapolation of <r is 
very difficult (Fig. 3) have particle diameters 
which—at the wave length used and for to =  
1.20—lead to a maximal or near maximal value on 
the uo vs. D-curve. This follows from Fig. 4, which 
will be discussed in more detail below. Additional 
systems with particle sizes at or near these o-0- 
maxima, investigated subsequently by M. Wallach,
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confirmed the fact that cr0-values > 1.0 cannot be 
derived securely by extrapolation of experimental 
cr-data. If to =  1.20 and if the green Hg-line is 
used, unfavorable ranges for <r-extrapolations are, 
according to Fig. 4, particle diameters 350-395, 
605-665, and 840-~940 m^. In these cases, the 
use of other wave lengths will allow one to circum­
vent this difficulty of extrapolation (see section V ).

At sufficiently high concentrations, tr evidently 
should approach the value 1.0 corresponding to 
complete depolarization by multiple scattering. 
For cro values less than 1.0, the a vs. c curve should 
therefore have a positive slope. This is found 
without exception. At <r0 values greater than 1.0, 
the cr(c) curve should have a negative slope. The 
initial portion of the two uppermost curves in Fig. 
3 agrees with this expectation, but the fact that the 
negative slope persists even after a has fallen to 
values less than 1.0 indicates that an additional 
factor enters. Special experiments, to be reported 
in a separate publication, indicated that this com­
plication is due to differences in “ apparent”  de­
polarization, due to multiple scattering, of the 
primary scattered light vibrating in the plane of 
observation and of that vibrating perpendicular 
to the plane of observation. These differences are 
major whenever J\\ and J± differ widely in magni­
tude. In these cases, a will reach a minimum 
value with increasing c, the sooner the larger D  is, 
before rising asymptotically toward the value of
1.0.

One would expect that the limiting (initial) slope 
of the <r(c) curve increases, at least for comparable 
oo values, with increasing particle size on account 
of the over-all increase, with it, of scattering and, 
therefore, of multiple scattering (within the size 
range considered here). This was found to be true 
without exception.

B. Variation of <r0 with Particle Size.— Figure 4 
gives the theoretical <r0 vs. D-curve interpolated 
from the Mie data4 for m =  1.188 (relative refrac­
tive index of polyvinyltoluene) and X0 =  5460.73 A. 
The data shown by open circles represent the ex­
perimental 00-values obtained at 5460.73 A., the 
others are normalized data pertinent to other wave 
lengths (see section V). The D-values associated 
with the experimental o-0-data were obtained in­
dependently from electron microscopy. Two of the 
data provided with arrows pointed upward repre­
sent minimum values, the actual values in each case 
being likely in excess of 1.0 (these data pertain to 
the two upper curves of Fig. 3 which cannot be 
extrapolated safely). With the exception of these 
two cases for -which a definite o-0-value cannot be 
given, the experimental <x0-values associated with 
a given electron microscopic diameter, De, fit 
satisfactorily the theoretical o-0 vs. D-curve. The 
same agreement was found for polystyrene 
(m = 1.199).14

More important for the practical application of 
the scattering ratio is a comparison between the 
electron microscopic diameters, De, and the optical 
diameters, D0, obtained by associating with the

(14) Part of these latter data was obtained in earlier exploratory 
work by J. N. Epel and in recent extensions of the present work by T. L. 
Pugh.

experimental o-0-values the theoretical diameters 
derived from the Mie theory. This comparison 
is carried out in Tables I and II, disregarding, for 
the moment, the problem of multivaluedness of 
answers (see section V). The mean deviation 
between electron microscopic and optical diameters 
>250 m/i is 2.2% for polyvinyltoluene (Table I). 
On using instead of m =  1.188 rather the value 
1.185, the average deviation, which had proved to 
be less in connection with the (r /c )0-values,9 
is essentially the same. In the case of polystyrene 
(Table II) the mean deviation for diameters >230 
m/u is 3.2%. It is interesting to note that the per 
cent deviation of D0 is positive throughout for all 
particles whose diameter is less than approximately 
230 npu This can readily be explained as an 
effect of heterodispersion which makes itself felt 
here in spite of the fact that the spread of the dis­
tribution is remarkably narrow.16 In view of the 
very strong increase of a0 with particle diameter, 
between D ~  200 and ~350 m/x, particles larger 
than those corresponding to the mean make a 
strong contribution while those smaller than the 
mean make a relatively minor contribution. Thus, 
both txo and D0 derived therefrom are bound to be 
larger _than expected for the given mean particle 
size, D. Apart from this detail, the agreement 
between optical and electron microscopic diameters 
is fairly satisfactory throughout.

T able  I
C omparison oe P article D iameters from  Scattering 

R atio and E lectron M icroscopy 
(Polyvinyltoluene) ( m  =  1.188)

Sample Do, D et %
no. tra tan tan Deviation
42 0.014 >163 163 +
23 .17 307 315 - 2 . 5

2012 . .6 381
43 B .37 417 421“ - 1 . 0

43 B .21 431 445 - 3 . 1
44 A .092 507 492 3 . 0
43 C .10 514 528“ - 2 . 7
43 C .21 554 558 - 0 . 7
43 C .43 685 699“ - 2 . 0
44 B .26-0.30 562-569 587“ - 3 .1 - 4 . 3
44 B 1 620
44 C .18 772 780“ - 1 . 0
44 C .23 812 824 - 1 . 5
“ Normalized particle diameters; see text. b Extrapola­tion to ffo unsafe; see text.
C. Variation of <r„ with Solid Angle.—As already 

stated, all experiments reported pertain to a solid 
angle mo of 1.5 X  10“ 3 steradian. This angle, al­
though small, is large compared to that generally 
used in earlier work3 which was concerned with the 
total intensity o: the light scattered at 7 =  90° 
from an incident unpolarized beam. In those ex­
periments, the numerical results had been found 
to vary strongly with the solid angle. (See 
particularly Fig. 9, l.c.) For 0-, the situation is 
much simpler. A few experiments were carried

(15) On account of this high sensitivity of <7 to heterodispersion, it 
was selected as a particularly suitable effect for determining size dis­
tribution curves, work which 3hall be reported in a subsequent publica­
tion.
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T able  II
CoMI'ARISON OF PARTICLE DlAMETERS FROM SCATTERING

R atio  and E lectron M icroscopy 
(Polystyrene) (m = 1.199)

Sample Do, Do, %
no. CO my my Deviation

S 138 0.006 >135 135 +S 139 .013 >150 150 +S 151 .025 >219 219 +S 137 .025 >223 223 +7065 .036 255 238 + 7 .1
2023 .022 241 249 - 3 .2
580 G .072 >259 259 +7194 .084 280 271 + 3 .3
63 A .24 546 557 - 2 . 0
66 A .38 809 814 - 0 .6

out in order to check the expected modest effect 
of the solid angle. They are reported in Table
III. It is apparent that a hardly varies with 
co0— up to at least 1.5 X  10-3 steradian— at any 
concentration below 6 X  10~3 g./lOO g. This is a 
major advantage of the ratio measurements com­
pared to intensity measurements.

T able  III
D ependence of the Scattering R atio on Solid A ngle

a for wo a (sterad.)---------.
Sample 4.1 8.3 15

no. C X 103 X 10-3 X 10-* X 10 -<
7065 ( D  =  238 mM) 3.108 0.118 0.115

polystyrene 6.216 .195 .192
9.324 .265 .255

23 ( D  =  315 mM) 1.071 .238 .226
polyvinyltoluene 2.142 0.260 .274 .273

3.213 0.298 .300 .309
“ Corrected for refraction (see ref. 3).

V. The Problem of Multivaluedness of a0 and its
Solution

Measurements of the scattering ratio at a single 
wave length will give single valued particle sizes 
only if (r0 is smaller than at the first maximum of 
the <70 vs. D -curve (Fig. 4). At larger <r0-values, 
unequivocal answers are possible only on either 
combining the do-measurement with another light 
scattering measurement at the same wave length 
or by studying the variation of <r0 with wave length. 
If it is known, a priori, that the particle diameter 
is such, at the standard wave length used, that 
a <  4 (first minimum of the <r0(a)-curve in Fig. 4) 
then it is sufficient to make one additional <j0- 
measurement at another wave length in order to 
remove the multivaluedness. (For other m-values, 
the respective oo-value is different.4) For the 
standard wave length, As, used here (A0 =  5461 A.), 
the diameter corresponding to the first o-o-minimum 
is 500 npi. For larger particle sizes, the determi­
nation of oo at two additional wave lengths or, 
better still, the compilation of a limited ao-spectrum

is necessary in order to obtain a single valued 
answer for D. The analytical principle is the 
following: since <r0 depends at constant m only on 
a, one moves, at constant, D, to the left or right in 
the <T0 vs. «-plot (Fig. 4, considering the upper 
abscissa) on increasing or reducing, respectively, 
the wave length used. I:i a <r0 vs. D-plot compiled 
for the standard wave length Aa (Fig. 4, considering 
the lower abscissa), the determination of a0 at 
another wave length, A', therefore yields a fictitious 
diameter which should fit the a0(D) curve at the 
D-value

Df = D( As/A') (8)

provided of course that m is nearly constant be­
tween As and A'. This analytical principle is il­
lustrated in Fig. 4 and is also taken advantage 
of in Table I. The point identified in Fig. 4 by 
the number 1 (actual DK =  445 m/i) on the first 
descending branch of the curve refers to measure­
ments at the green Hg l:ne.o Investigation of the 
same system at A0 =  5769 A. yields point la. It 
is, therefore, apparent that point, 1 must, be as­
sociated with a descending branch instead of an 
ascending branch of the j 0(a) curve. Cases 2 and 
2a show that point 2 must be associated with an 
ascending branch. Cases 4 and 4a are of interest 
because this example shows that by changing 
A0 one can obtain a oo-value by extrapolation if this 
is impossible at the standard wave length used 
(see 620 m/i-curve in Fig. 3). The examples of the 
two wave length analysis show that it reduces the 
multivaluedness of the result, but it does not elimi­
nate it. The more powerful analytical value of a 
three wave length analysisofollows from point 3. 
Point 3, obtained at 5461 A., changes to point 3a 
on using 5769 A., and to 3b on using 4358 A. It 
is clear that no fit for all three points could be ob­
tained on tentatively assigning to point 3 rather 
the diameter of 430 m/x or of 315 m/t. The result 
is, therefore, single valued as to D.

On using this method cf partial spectral analysis, 
it must be borne in mind that to varies with A. 
This change is not large enough for the systems in­
vestigated here to lead to serious errors. The non- 
systematical variation of cr0 on going from 3a to 3 
to 3b in Fig. 4 shows that the systematic error 
due to dispersion is smaller than the over-all ex­
perimental error. Nevertheless, as a general rule, 
it will be advisable to use the additional wave 
lengths (or spectrum) only for the purpose of de­
fining the pertinent range of the <r(a) curves which 
applies in a given case and to derive the actual 
particle size only from ,t0 at that, ŵ ave length for 
which m is known. If, on the other hand, the dis­
persion of m is known, averaging of all correspond­
ingly adjusted theoretical o-0-values will, of course, 
improve the accuracy of the D-value derived.
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Wyndmoor, Pa.
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The ionic structure of solid nitryl perchlorate, 
N 02+C104~, has been amply proved by Raman1'2 
and X-ray3 studies. Its vibrational spectrum thus 
should consist of the superimposed spectra of the 
N 02+ and C104-  ions. In addition to the Raman 
work, a limited infrared study also has been made 
of this compound.4'5 However, two fundamental 
vibrational frequencies of the N 0 2+ ion in nitryl 
perchlorate apparently have not yet been reported. 
In addition, very little information exists on the 
lowest fundamental vibrational frequency of N 0 2+ 
in any of its ionic compounds. We here report 
the infrared absorption spectrum of N 0 2C104 and 
discuss it in terms of the vibrational frequencies 
of its constituent ions.

In Fig. 1 the 2-15 /u region was obtained with 
NaCl optics, and the 15-20 ¡j. region with CsBr 
optics. No significant absorption occurred from 
20-40 /i . Both spectra were obtained in a Nujol 
mull and polyethylene films were used to protect 
the windows from attack, as has been found neces­
sary with various nitryl compounds here and else­
where.6 The nitryl perchlorate, obtained from 
Callery Chemical Co., was pumped overnight at 
10 n pressure to remove volatile contaminants 
which can form by hydrolysis. It was protected 
rigorously from atmospheric moisture in subse­
quent handling. Analysis showed 23.95% Cl, 
9.72% N (calculated for N 02C104: 24.37% Cl,
9.63% N), and its X-ray powder diffraction pattern 
agreed well with that published previously.7 
Because of its extreme deliquescence, the nitryl 
perchlorate was mulled and the absorption cell 
components were assembled in a well dried inert 
atmosphere box, and the spectra were obtained 
with a Perkin-Elmer 21 or 221 spectrophotometer 
immediately on removal. The absorptions marked 
with dots in Fig. 1 also were obtained in blank 
runs using Nujol alone between polyethylene films, 
and are thus of no interest.

Significant in the spectrum are the absorptions 
at 2360, 1100 (middle of very broad band), 937, 
625, and 570 cm.“ 1. That at 2360 cm.-1 is the 
vs fundamental of N 0 2+. This has been re-

(1) C. K. Ingold, D. J. Millen, and H. G. Poole, Nature, 158, 480 
(1946).

(2) D. J. Millen, J. Chem. Soc., 2606 (1950).
(3) E. G. Cox and G. A. Jeffrey, Nature, 162, 259 (1948).
(4) D. J. Millen, J. Chem. Soc., 2611 (1950).
(5) H. Cohn, ibid., 4282 (1952).
(6) D. Cook, S. J. Kuhn, and G. A. Olah, J. Chem. Phys., 33, 1669 

(1960).
(7) H. G. Norment, P. I. Henderson, and R. L. South, Anal. Chem., 

32. 797 (1960).

ported at 2358 in NG2BF4 solid,6 2360 in N 0 2BF4 
solution in HNO3,8 2364 in N 0 2PF6 solid,6 2358 
in N 02SbF6 solid,6 2375 in N2O5 (N 02+N 0 3- ) 
solid,9 and 2360 in anhydrous H N 03 and HNO3 
solutions in H2S04,8 indicating the presence of N 0 2+ 
in these. One other report lists this absorption 
in N 02BF4 solid at 2384-2395 cm.-1, but this 
work10 has been criticized6 because of possible 
reactions with cell windows.

The broad absorption centering around 1100 
cm.-1 is vs of C104- . and appears very similar to 
that found in NH4C104, NaC104 H20, KC104, 
and Mg(C104)2.u A weaker absorption at 937 
cm.-1 is v\ of C104- . This is a Raman active, 
infrared inactive fundamental.4'5 However, some 
distortion of the tetrahedral C104-  structure allows 
this absorption in the infrared spectrum of nitryl 
perchlorate. It also is evident as a weak absorp­
tion in NH4C104, KC104, and Mg(C104)2.u The 
strong absorption at 625 cm.-1 is due to r4 of C104- . 
This has been reported previously in N 02C104 at 
about the same frequency in the infrared4'6 and 
at 626 in its Raman spectrum.2 Infrared or Raman 
studies of a number of other perchlorates, includ­
ing those of NH4+, Na+, K+, Mg+, and H30+, 
show this absorption prominently, with its maxi­
mum in the range 620-631 cm.-1.2.5'12-14

T a b l e  I
C o m pa r iso n  o f  V ib r a t io n a l  F r e q u e n c ie s  o f  

N 0 2+ an d  C O /
Nitryl ion,, NOi +

in in
NO2- NO2-

Vibrational mode Activity CIO4 NO, C O /
v\ Symmetric stretching Raman only m e 5 1400d (1340)“
P2 Bending Infrared only 570’ 538’ 667
v% Antisymmetric

stretching Infrared only 2360' 2375’ 2349
“ All values in cm. 1. b Ref. 2. '  Thil3 work. «Ob-served originally by J. Ch<5din (Thesis, Paris, 1937); re­ported subsequently by him and others. ’ Ref. 9. 1 G.Herzberg, “ Infrared and Raman Spectra of Polyatomic Molecules,” D. Van Nos~rand Co., Inc., New York, N.Y., 1945, pp. 272-273. 9 Under low resolution. Under higher resolution this is two lines, at 1285.5 and 1388.3 cm .-1, due to Fermi resonance. This does not occur with N 0 2+ because r, is not approximately 2><2, as occurs with C 02.
The final absorption in Fig. 1 at 570 cm.-1 must 

be the low frequency fundamental r2 of N 0 2+. 
In dinitrogen pentoxide, N 02+N 03- , this has been 
found9 at 538 cm.-1.

N 02+ and C 02 are similar, linear, symmetric 
species containing 22 electrons. Their vibrational

(8) R. A. Marcus and J. M. Fresco, J. Chem. Phys., 27, 564 (1957).
(9) R. Teranishi and J. Deeius, ibid., 22, 897 (1953).
(10) R. W. Sprague, A. B. Garrett, and H. H. Sisler, J. Am. Chem. 

Soc., 82, 1062 (1960).
(11) F. A. Miller and C. H. Wilkins, Anal. Chem., 24, 1283 (1952).
(12) F. A. Miller, G. L. Carlson, F. F. Bentley, and W. H. Jones 

Spectrochim. Acta, 16, 153, 213 (1960).
(13) O. Redlich, E. K. Holt, and J. Biegeleisen, J. Am. Chem. Soc., 

66, 13 (1944).
(14) D. J. Millen and E. G. Vaal, J. Chem. Soc., 2913 (1956).
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Fig. 1.—Infrared absorption spectrum of nitryl perchlorate.
spectra thus should resemble each other. In 
Table I their fundamental vibrations are listed. 
These agree exactly in activity and rather closely 
in frequency, with the exception of the v2 bending 
mode which occurs at a distinctly lower frequency 
(15 to 20% ) in NO24" than in CO2. Discussion of 
the C104~ fundamental frequencies is sufficiently 
complete4’6 that it need not be repeated here.

Acknowledgment.— The authors are grateful 
for the considerable assistance of Miss Ruth Kos- 
satz and her staff of the Infrared Department in 
carrying out this work. It was supported in part 
by the U. S. Air Force.

PROTON RESONANCE SPECTRA AND 
TACTICITY OF POLYSTYRENE AND 

DEUTERIOPOLYSTYRENES12
B y  S. B row nstein , S. B yw ater , and D . J. W orsfold
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Observations of polymer tacticity by proton 
resonance spectroscopy have now been made on 
several polymer systems.3-6 However, only with 
polymethyl methacrylate and poly-«-methylsty­
rene have peaks due to isotactic, syndiotactic, and 
heterotactic environments been clearly resolved. 
Usually, spin coupling of protons on adjacent 
carbon atoms produces several lines for each 
chemically unique species and when their chemical 
shift is small compared to the spin coupling between 
them, only a broad envelope of absorption is ob­
tained. One method of removing this obstacle 
is to substitute deuterium for some of the protons. 
The smaller spin coupling constants and almost 
infinite chemical shift combine to simplify the 
spectrum. This has been done with polypropylene, 
but the choice of sites for deuterium substitution 
was such that some chemically non-equivalent 
protons were spin coupled.6 As a result, peaks 
due to all three possible tacticities could not be 
resolved clearly. A separate peak for the a- 
proton in isotactic polystyrene has been reported.7

(1) Issued as N.R.C. No. 7014.
(2) Presented in part at the symposium on “ Spectroscopy of High 

Polymers,” American Chemical Society National Meeting, Atlantic 
City, 1962.

(3) F. A. Bovey and G. V. D. Tiers, J. Polymer Sci., 44, 173 (1960).
(4) S. Brownstein, S. By water, and D. J. Worsfold, Makromol. 

Chem., 48, 127 (1961).
(5) U. Johnsen, J. Polymer Sci., 54, 56 (1961).
(6) F. Stehling, Paper #45, Division of Polymer Chemistry, Ameri­

can Chemical Society National Meeting, Washington, March, 1962.
(7) R. J. Kern and J. V. Pustinger, Nature, 185, 236 (1960).

However, it is barely resolved from the envelope 
due to the other a- and /J-protons. Replacement 
of the ^-hydrogens by deuterium removes all 
proton-proton spin coupling in the backbone hy­
drocarbon chain and allows the a-protons in iso­
tactic, syndiotactic, and heterotactic environments 
to be resolved clearly under appropriate conditions. 
The proton resonance spectrum of poly-/3,/3-di- 
deuteriostyrene has been reported previously, but 
the experimental conditions were not suitable for 
resolution of the individual peaks.8

Experimental
The proton resonance spectra were obtained in a manner described previously.4 The spectra were obtained on 15 wt. % solutions of polymer in benzene enclosed in a sealed tube at 100°. Peak positions are listed in p.p.m. to high field of benzene as an internal reference. The /3,/3-dideu- teriostyrene was obtained from Merck, Sharp and Dohme of Canada Ltd. and was reputed to be of better than 98% isotopic purity. The polystyrenes were prepared by stand­ard methods using anionic, cationic, and free radical initiators as described before for a-methylstyrene.4

Results
It has been shown that there are large solvent 

effects upon chemical shifts when aromatic mole­
cules are dissolved in aromatic solvents.9 Ad­
vantage was taken of this fact to maximize the 
chemical shifts of the a-protons by choosing a 
solvent which shifted them relative to the other 
protons in the molecule. Benzene was found to 
have the greatest effect of the many solvents 
which were tried. The spectrum of isotactic 
polystyrene in benzene as solvent is shown in Fig. 
1. It may be compared with one published pre­
viously,7 to show the improvement in separation 
of peaks which may be obtained by appropriate 
choice of solvent. For comparison, the spectrum 
of a polystyrene polymerized by sodium naphthenide 
in tetrahydrofuran is included. This polymer 
is primarily syndiotactic, as will be shown by the 
measurements on a deuterated sample.

Line widths in proton resonance spectroscopy 
are a function of the viscosity of the medium.10 
For polymer solutions the macroscopic viscosity 
is not the significant quantity since the line width 
of the solvent is generally much narrower than 
those of the protons in the polymer chain. The 
degree of segmental motion and internal rotation 
along the polymer chain appear to be primarily 
responsible for broadening of the absorption peaks.

(8) F. A. Bovey, G. V. D. Tiers, and G. Filipovich, J. Polymer Sci., 
38, 73 (1959).

(9) A. A. Bothner-By and R. E. Glick, J. Chem. Phys., 26, 1651 
(1957).

(10) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “ High Reso­
lution Nuclear Magnetic Resonance,” McGraw—Hill Book Co., New 
York, N. Y., 1959, p. 204.
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(a)

Fig. 1.—Proton resonance spectra of polystyrenes: (a) iso­tactic; (b) anionic, primarily syndiotactic.

4.84 5.04
4.75

477
4.93

( a ) (b)
Fig. 2.—Proton resonance spectra of poly-/3,/3-dideuterio- styrene: (a) polymerized by BF3 in toluene at —78°; (b) polymerized by Na in tetrahydrofuran at 20°.

By determining the spectra at a sufficiently ele­
vated temperature, the rate of segmental motion 
is sufficient to average the local magnetic environ­
ments. The temperature required depends upon 
the polymeric species, but is largely independent 
of the average molecular weight of the polymer.11 
For polystyrene in benzene, a temperature of 90° 
is adequate to remove most of the effects of local 
magnetic broadening.

The positions of the peaks due to a-hydrogens 
in isotactic, heterotactic, and syndiotactic en­
vironments for a variety of polydeuteriostyrenes 
are listed in Table I. Some representative spectra 
are shown in Fig. 2. It can be seen that the line 
widths are too great, compared with the separation 
between the lines, to make quantitative estimates 
of the relative amounts of iso-, hetero-, and syn­
diotactic species present in the polymer. The 
increased line widths, compared with the methyl 
protons of poly-a-methylstyrene, may be due to

T able  I
P olymer P eak  P ositions

Catalyst Solvent
Temp.,

°C.
Iso-

tactic
Hetero­
tactic

Syn­
dio­

tactic
S11CI4 Toluene - 7 8 4 . 7 5 5.07
Na Tetrahy drof u r an 20 4 . 7 7 4.93 5.11
AIBN Benzene 60 4 . 7 7 4.88 5.11
b f 3 Nitromethane- 

ethylene di­
chloride -7 8 4 . 7 5 4 . 8 8 5.07

b f 3 Toluene -7 8 4 . 7 5 4.84 5.04
Butyllithium Toluene -3 0 4.81 4.91 5.09
AlEta/TiCh Benzene 25 4.82

Conclusion
The proton resonance spectra of poly-,8, ¡3- 

dideuteriostyrene show separate peaks due to ex- 
protons in iso-, hetero-, and syndiotactic environ­
ments. All the usual methods of polymerization, 
except by Ziegler catalysts, yield polymers which 
are largely syndiotactic.

THE EFFECT OF PRESSURE ON 
RADIOLYSIS OF POTASSIUM N ITR A TE 1

By  T ung-H o C hen and E verett R. Johnson

Stevens Institute of Technology, Hoboken, New Jersey 
Received April 28, 1962

Potassium nitrate undergoes decomposition by 
ionizing (gamma) radiation to yield nitrite ion and 
oxygen,2-6 viz.

K N 03 — KNO2 V2O2 (1)

unresolved proton-deuterium spin coupling or 
incomplete motional averaging of the local mag­
netic environment. In all the polymer samples 
studied, except that prepared by a Ziegler catalyst, 
the syndiotactic species are predominant. How­
ever, there seems to be relatively less of this type 
in the cationic polymers, compared with the anionic 
or free radical polymers.

(11) S. Brownstein, S. Byw&ter, and D. M. Wilee, unpublished re- 
suits.

A plot of the nitrite yield vs. dose shows three 
distinct regions: an initial curved portion, and two 
apparent straight line regions where the yield ap­
pears to be linear with dose. Neglecting the initial 
curved portion and concentrating only on the linear 
regions, it is apparent that there is a “ break”  
in the nitrite yield curve.2'6'6 It has been found 
that coincident with this break, the lattice under­
goes a 1%  density change and just prior to the 
break, a transition resembling a lambda type tran­
sition.5'8 Also, an isotope effect of 12%  has been 
found prior to the break, but none following the 
break.2b The exact nature of this transition 
is not known, but was postulated to be initiated by 
the internal pressure exerted by the trapped oxygen 
from (1) and possibly the mismatch of nitrite ions. 
It was believed that the application of external 
pressure might prevent the transition referred to 
above from occurring, or delay its appearance. 
With this idea in mind C .p . KNO3 was irradiated 
under about 1900 p.s.i. of He at the center of a 
cylindrical Co-60 source. The identical geometry 
was used in obtaining all the values shown in Fig. 1. 
Dose was determined by Fricke dosimetry with a 
precision of better than ±1.5% . The minimum 
over-all precision in these determinations is better 
than ± 2 % . The dose rate was 18 X 101S e.v./ 
g./hr.

Samples of KNO3 (about 0.6 g.) contained in 
a 2-mm. i.d. Pyrex tube were placed inside a 
stainless steel tube. This tube, sealed by a swage- 
lok, was connected directly to a helium cylinder 
outside the source. The nitrite ion yield was ob­
tained with and without helium pressure. It was 
calculated that the maximum energy absorbed by 
the helium was less than 0.3%.

(1) Research supported in part by AEC AT(30-l-)-1824 and in part 
by NSF grant G-19115.

(2) (a) J. Cunningham and H. G. Heal, Trans. Faraday Soc., 54, 
1355 (1958); (b) J. Cunningham, J. Phys. Chem., 65, 628 (1961).

(3) G. Hennig, R. Lees, and M. S. Matheson, J. Chem. Phys., 21, 
664 (1953).

(4) C. J. Hochanadel and T. W. Davis, ibid., 27, 333 (1957).
(5) J. Forten and E. R. Johnson, Phys. Chem. Solids, 15, 218

(1960) .
(6) E. R. Johnson and J. Forten, Discussions Faraday Soc., 31, 238

(1961) .



Oct., 1962 Notes 2069

Fig. 1 ,—Effect of pressure on the decomposition of KNO3

Examination of Fig. 1 shows that, contrary to 
expectations, there is no effect of pressure prior 
to the break referred to above, nor is there any delay 
in the appearance of the break. There is, however, 
an appreciable effect on the yield after the break. 
Referring to Fig. 1, it is apparent that there is a 
decrease in the yield beyond an absorbed dose of 
about 45 X 1020 e.v./g. The difference in nitrite 
ion yield without pressure is far greater than any 
possible experimental error and must be con­
sidered as real.

This effect of pressure provides further evidence 
of a particular type of lattice change which occurs 
in KNOg after about 1 mole %  decomposition, 
corresponding to an absorbed dose of about 45 
X 1020 e.v./g. A discussion of the kinetics and 
mechanism for the decomposition of KNO3 as 
well as other nitrates is now in preparation.

ASSOCIATION CONSTANTS OF SILVER (I) 
AND CHLORIDE IONS IN MOLTEN 

POTASSIUM NITRATE
By D. L. M anning , J. B raunstein , ia and M. B lander11*

Oak Ridge National Laboratory,2 
Oak Ridge, Tennessee

Received December 23, 1961

In this note the association constants K, and K> 
for the formation of the species AgCl and AgCl? ' 
in molten K N 03 at 350 and 436° are presented.

The association constants were evaluated by a 
method previously described.3 The activity co­
efficients of AgNOg in dilute solutions of Ag+ and 
CD in molten K N 03 were evaluated from e.m.f. 
measurements.4 At 350° measurements were made 
at eight fixed concentrations of AgN 03 ranging from 
a mole ratio of 4.95 X  1CD6 to 1.19 X 10%  with

(1) (a) On sabbatical leave from the University of Maine, August,
1960-August, 1961; (b) North American Aviation Science Center,
P.O. Box 809, Canoga Fark, California.

(2) Operated for the United States Atomic Energy Commission by 
Union Carbide Corporation.

(3) M. Blander, J. Braunstein, and R. M. Lindgren, J. Am. Chem. 
Soc., 84, 1529 (1962).

(4) M. Blander, F. F. Blankenship, and R* F. Newton, J. Phys. 
Chem., 63, 1259 (1959)*

each set containing measurements at several con­
centrations of KC1. At 436° four sets of meas­
urements were made to supplement four sets of 
measurements4 previously presented to obtain con­
centrations of AgN 03 ranging from a mole ratio of
1.14 X 10~4 to 5.35 X 19~3.s The limiting slopes 
at Ekci =  0 of plots of —log yAgNCL vs. Ekci at each 
fixed concentration of AgN 03 at 350 and 436° were 
evaluated graphically3 a id are plotted in Fig. la 
as a function of AwgNOj- The ends of the plotted 
lines were dashed when it was not fairly certain 
that the curve went through the last point. 
The data of ref. 4 at R AgNO, 3.50 and 5.3o X
10-3 at 436° are not plotted in Fig. 1. They were 
not necessary for the evaluation of the association 
constants and were used as supplementary data 
only. The limit of this plot of — (d log 7AgN03) /  
2>-Kkci)«kci- o at -KAgN03 =  0 is equal to (Ki/ 
2.303).

A least squares fit of the data for —log 7AgN0s at 
each fixed concentration of AgNOs to the equation

— log 7AgN0s =  ARkci +  BR2kci

led to values of A and B which could be used to 
evaluate A / and K 2. The value of Ki obtained 
from the extrapolation of A to Rasno, = 0, well 
within the experimental e rror, agreed with the value 
of Ai obtained graphically. The parameter B is 
plotted in Fig. lb. Th3 limit of B at R\gN03 = 
0, Bo, is equal to (A /A / — !/ 2AV)/2.303 and was 
used to evaluate K 2. It should be noted that a 
relatively large error in jB0 leads to a relatively 
small error in AT2. An attempt was made to evalu­
ate Ki*, the association ?onstant for the formation 
of Ag2Cl+. Because of scatter in the data, all 
that could be deduced was that A% was greater 
than zero and less than about 40 (in mole fraction 
units) at 350 and 436°.

The values of A / and K 2 at 350 and 436° as well 
as those at 38503 are g_ven in Table I. A com­
parison of these constants with the theoretical 
expressions6'7 for values af Z =  4, 5, and 6 led to 
the values of AE, and AE2 which also are listed 
in Table I.

K, =  Z[exp(— AEi/RT) -  1] (1)

AVD = — ^ [exp( — (AE1 +  AE2)/RT) -

2 exp (—A ///?  T) +  1] (2)
The value of Iv, at 4363 (as discussed previously3) 

is about 13% higher than the value computed by 
Duke and Garfinkel8 from our data because Duke 
and Garfinkel neglected :.o extrapolate to Rasno, =

(5) The data have been deposited as Document Number 7127 with the 
ADI Auxiliary Publications Project, Photoduplication Service, Library 
of Congress, Washington 25, D.C. A copy may be secured by citing 
the Document Number and by remitting $1.25 for photoprints, or 
$1.25 for 35 mm. microfilm. Advance payment is required. Make 
checks or money orders payable to: Chief, Photoduplication Service, 
Library of Congress.

(6) D. G. Hill, J. Braunstein, and M. Blander, J. Phys. Chem.., 64, 
1038 (1960).

(7) M. Blander, J. Chem. Phys. 34, 432 (1951).
(8) F. R. Duke and H. M. Garfinkel, J. Phys. Chem., 65, 461 (1961). 

Note that these authors report K in molality units. Their values of 
Ki are to be multiplied by 9.89 ¿o correspond to the mole fraction 
units used here.
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T able I
C alculated A ssociation C onstants in M ole F raction 

U nits and D erived  P arameters

T = 350° T = 385°s T = 436°
K ,  (in mole fraction

units) 553 ±  20 460 ±  15 315 ±  12
' 4 6.12 6.21 6.17

—  A E ,  (kcal./mole)
for Z  = 5 5.85 5.93 5.86

6 5.62 5.69 5.62
K 2 (in mole fraction

units 215 ±  25 169 ±  20 117 ±  12
4 6.15 6.18 6.16

— A E ,  (kcal./mole)
for Z  = 5 5 .8 i 5.82 5.77

6 5.52 5.53 5.45

0. The difference makes clear the necessity of a 
careful analysis of data in order to obtain values 
of the association constants precise enough for 
comparison with theory. The calculated values 
of A/?i and AA2 within the estimated error are 
constant at all three temperatures and for the three 
values of Z. It is indicated, therefore, that eq. 
1 and 2, with co istant values of AE) and AE%, and 
for any reasonable choice of Z, can be utilized to 
predict the temperature coefficients of K y and K s 
which are correct within the experimental precision 
of the measurements.

CATALYTIC ISOMERIZATION OF 
2-PENTENE

By J. C. R ohrer  and J. H. Sinfelt

Esso Research and Engineering Co., Linden, New Jersey 
Received April 11, 1962

This note presents kinetic data on the skeletal 
isomerization of 2-pentene over a chlorided alumina 
catalyst. Included are data on the effect of hydro­
gen, which are of interest in connection with the ob­
served complex effect of hydrogen on the isomeriza­
tion of saturated hydrocarbons over a chlorine- 
containing platinum on alumina catalyst.1-2 Con­
siderable evidence indicates that the latter reaction 
involves a step in which olefinic intermediates 
undergo skeletal rearrangement on acidic alumina 
sites.3-4 It was suggested, however, that the effect 
of hydrogen pressure was not associated with this 
step.1-2 The results of the present study serve to 
check this point.

Experimental
Procedure.—The 2-pentene was contacted with the cat­alyst in the presence of hydrogen or nitrogen, using a flow reactor technique described previously.5 A catalyst charge of 4.0 g. was used throughout. The reaction products were analyzed by a chromatographic procedure which also has been described previously.6Materials.—The 2-pentene used in this study was a mix­ture of 85% cfs-2-pentene and 15% t r a n s -2-pentene, and was obtained from Matheson Coleman and Bell. A chromato­graphic analysis showed no other components to be present in detectable amounts (about 0.05%). The alumina catalyst used in this work contained 1.2% chlorine. The catalyst was calcined in air for 4 hr. at 593°, and had a surface area of 210 m.2/g. X-Ray diffraction measurements of the alu­mina prior to calcination showed it to be /3-alumina tri- hydrate, a form of alumina which has been described pre­viously.7

Results
When 2-pentene is passed over the promoted 

alumina catalyst, both double bond migration and 
skeletal isomerization are observed, the former 
yielding 1-pentene and the latter a mixture of 
methylbutenes. Interconversion between cis- and 
(rans-2-pentene also is observed. Some hydrogena­
tion to pentanes and cracking to Ci-C4 hydrocar­
bons also are observed, particularly at the higher 
temperature (471°). Typical product distribution 
data are shown in Table I.

Interconversion between cis- and frcms-2-pentene 
and the formation of 1-pentene occur more readily 
than skeletal isomerization to the methylbutenes. 
Thus, at the lowest reactant flow rate used {F/W =  
0.18 gram mole 2-pentene charged per hour per 
gram catalyst), the distribution of cis- and trans-2- 
pentene and 1-pentene is roughly in accord with 
equilibrium data,8 whereas the ratio of total methyl-

(1) J. H. Sinfelt and J. C. Rohrer, J. Phys. Chem., 65, 978 (1961).
(2) J. C. Rohrer, H. Hurwitz, and J. H. Sinfelt, ib id .,  65, 1458 

(1961).
(3) F. G. Ciapetta, Ind. Eng. Chem., 45, 162 (1953).
(4) G. A. Mills, H. Heinemann, T. H. Milliken, and A. G. Oblad, 

ib id ., 45, 134 (1953).
(5) J. H. Sinfelt, H. Hurwitz, and J. C. Rohrer, J. Phys. Chem., 64, 

892 (1960).
(6) J. C. Rohrer and J. H. Sinfelt, ibid., 66, 950 (1962).
(7) H. S. Stumpf, A. S. Russell, J. W. Newsome, and C. M. Tucker, 

Ind. Eng. Chem., 42, 1398 (1950).
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T a b l e  I
T y p ic a l  P r o d u c t  D is t r ib u t io n  D a t a  f o r  2-P e n t e n e

Temp., °C. 372 372 372 471 471 471
F / W a

Pressure, atm.
0.79 0.18 0.82 0.80 0.18 0.78

h 2 5.3 5.3 21.3 5.3 5.3 21.32-Pentene
Product distribution, mole %

0.53 0.53 0.53 0.53 0.53 0.53
Cr-C/ 0.9 2.6 C

1-Pentene 7.4 8.7 7.2 8.0 6.1 8.5irares-2-Pentene 38.5 44.6 32.2 39.1 27.3 34.5cis-2-Pentene 48.9 24.3 56.3 33.6 19.1 39.7
3-Methyl-l-butene 0.3 0.9 1.0 1.9 0.82-Methyl-l-butene 1.3 5.8 1.2 5.0 11.6 4.3
2-Methyl-2-butene 3.7 15.2 3.1 11.4 25.3 8.8Isopentane 0.2 0.8 4.6 2.6»-Pentane 0.2 1.5 0.7

Gram moles 2-pentene charged per hr./g. catalyst. b Expressed as mole %  of 2-pentene converted to Cr-C4. « C, determined.
T a b l e  II

R a t e  D a t a  f o r  Sk e l e t a l  I s o m e r iza tio n  of 2 -P e n t e n e  i n P rese n c e O F H2
Temp., °C. 372 372 372 372 471 471 471 471
Pressure, atm.

H2 1.3 5 .3 5.3 21. 3 1.3 5.3 5.3 21.3
2-Pen tone 0.13 0..13 0.5;3 0. 53 0.13 0.13 0.53 0.53

Rate, F  0.026 0. 020 0.042 0. 035 0.10 0.080 0.15 0.13
Gram moles 2-pentene converted per hr. per g. catalyst to methylbutenes.

butenes to the sum of cis- and irans-2-pentenc and
1-pentene is far from the value at equilibrium, which 
averages about 3.5 at the temperatures used in this 
study.8 However, the distribution of the various 
methylbutenes formed in the reaction corresponds 
roughly with that at equilibrium, winch is further 
evidence that double bond migration occurs more 
readily than skeletal isomerization.

The ratio of isopentane to n-pentane in the prod­
ucts at 4710 is about 3 or 4 to 1. Increasing hydro­
gen pressure at a given value of F/W  increases the 
extent of hydrogenation to form both ?r-pentane 
and isopentane.

Rates of skeletal isomerization of 2-pentene are 
shown in Table II as a function of temperature and 
partial pressures of hydrogen and 2-pentene. The 
reaction rates wnre determined from data where the 
levels of conversion to methylbutenes were low 
(2.6 to 17.4%) and hence represent initial rates. 
The reaction rates were evaluated using the relation

r =  ~  Ax (1)

where F represents the feed rate of 2-pentene in g. 
moles/hr., W  is the weight of catalyst in grams, and 
Ax is the fraction of the 2-pentene converted to 
methylbutenes. The rates shown in Table II 
actually represent rates of conversion of a mixture 
of cis and Znms-2-pentenes and 1-pentene to a mix­
ture of methylbutenes. The 2-pentene used as a 
reactant was a mixture of cis and trans isomers, and 
in addition, extensive cis-trans interconversion and 
double bond migration take place before the extent 
of skeletal isomerization becomes appreciable.

(8) “ Selected Values of Physical and Thermodynamic Properties of 
Hydrocarbons and Related Compounds,” API Research Project 44, 
Carnegie Press, Inc., New York, N. Y., 1953.

The data on the effect of temperature on the rate 
of skeletal isomerization indicate an apparent activa­
tion energy of about 13 kcal./mole. Regarding 
pressure effects, the rate is roughly 0.5 order with 
respect to 2-pentene partial pressure and nearly 
independent of hydrogen partial pressure. Since 
the experiments in the presence of hydrogen 
showred little effect of hydrogen pressure, it was 
decided to determine the effect of eliminating hydro­
gen completely. In some side experiments on the 
same alumina, after it had been somewhat deacti­
vated due to prolonged exposure to 2-pentene, 
it wras found that the skeletal isomerization of 2- 
pentene proceeded satisfactorily when nitrogen was 
substituted for hydrogen. The rate in the presence 
of nitrogen relative to that in the presence of hydro­
gen (rn/rh) is

Temp., °C. 416 471
rn/?V 1.1 0.85

° II2 or N2 pressure =  5.3 atm., 2-pentene pressure =  0.53 atm.

Thus, the effect of hydrogen on the rate of skeletal 
isomerization generally is not very great.

In previous studies on the isomerization of methyl- 
cyclopentane1 and n-heptane2 over a platinum- 
alumina catalyst containing chlorine, it was found 
that the presence of hydrogen was necessary for 
isomerization and that at moderate hydrogen pres­
sures (below 6 atm. at 471°) the rate of isomeriza­
tion increased markedly with increasing hydrogen 
pressure. It was suggested that this effect of hydro­
gen was not associated with the isomerization of 
olefin intermediates over acidic sites on the alumina, 
but rather with the reaction on the platinum sites, 
the role of hydrogen being to keep the platinum free 
of surface residues. The observation of the present 
study that the presence of hydrogen is not necessary
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for isomerization of olefins over an acidic alumina at 
similar conditions is in agreement with this con­
clusion.

THE POLAROGRAPHIC DIFFUSION 
COEFFICIENT

B y  R ichard J. B earman

Department of Chemistry, University of Kansas, Lawrence, Kansas 
Received March 9, 1962

which is the experimental verification of the On- 
sager reciprocal relations,2 it has become increas­
ingly clear that eq. 1 is inadequate even if the 
mobility is supposed to be a function of composition. 
The more general equations which are now being 
used to replace eq. 1 may be written in the follow­
ing form8

—  =  -  E  Cf&ap («« -  dx ax /3 = 1

= tffa (2)

It is well known that the diffusion coefficient 
is one of the important parameters of the limiting 
current equations (e.g., the Ukovic equation) of 
polarography. Although numerous measure­
ments have been carried out to evaluate polaro- 
graphic diffusion coefficients, little effort has been 
expended thus far to compare these with dif­
fusion coefficients determined by other standard 
techniques. Such comparisons would be valuable 
in providing further information concerning elec­
trode processes and in checking the fundamental 
equations of both polarography and diffusion. 
Professor Adams of this department has under­
taken an experimental program of tracer diffusion 
measurements with these objectives. In this 
paper, we provide a theoretical framework for the 
interpretation of his data.

By now, it is commonly realized that in a given 
system there exist several diffusion coefficients 
of interest, namely all of the mutual and tracer 
coefficients. However, the simple derivations of 
the limiting current equations to be found in 
standard textbooks1 do not concern themselves 
with the distinctions among them. Clearly, for 
meaningful comparisons between the polarographic 
diffusion coefficients and the other coefficients, 
these distinctions must be made. With the purpose 
of determining the relationship of the polarographic 
diffusion coefficient to the others, we study in this 
note the derivation of Fick’s law as it applies to 
common polarography experiments. We find that 
the polarographic diffusion coefficient is closely 
related to the tracer diffusion coefficient of the 
electroactive ion. Strictly speaking, the two 
coefficients are not equal. Nevertheless, it, may 
be found in practice that they are identical within 
the limits of validity of the limiting current equa­
tions themselves.

The Fundamental Phenomenological Equations.
—Fick’s law for the diffusion of an ion a along the 
line of the x direction is often regarded as a conse­
quence of the simple equation1

ua Ua 
F (1)

where ua is the velocity of the ion, Va is its mobility, 
djua/d;r is the gradient of its chemical potential, 
za is its (signed) charge number, d<p/dx is the 
gradient of electric potential, and F  is the faraday. 
For a number of reasons, the most compelling of

(1) G. W. C. Milner, “ The Principles and Applications of Polarog­
raphy and Other Electroanalytical Processes,” Green and Co., London, 
1957.

where Cp is the concentration of fi and f ap is the 
concentration dependent friction coefficient be­
tween species a and /3. The summation is over 
all x species in the system. Equation 2 reduces 
to eq. 1 when all interactions are negligible except 
those between the ion a and the solvent.

The Diffusion Coefficients.— We consider a sys­
tem with only one electroactive species, which we 
conventionally assume to be a positive ion A. 
Equation 2 for species A contains d<p/dx which 
generally is not accessible by direct measurement.4 
In order to discuss only measurable quantities, 
it is convenient to eliminate the electric potential 
from the equation. We may do this by consider­
ing any negative ion R in the system and introduc­
ing simple positive integers vr and va with the 
property that vr/va =  — za/zr. Multiplying
eq. 2 for A by va, eq. 2 for R by vr and adding the 
two equations gives

d In CAvACRnfAn
R? d f  “

K K
E  (ua uf) E  vrcp£r@ (an uf)

p=i 0 = 1

V =  VA +  vr (3)

To derive eq. 3, ive have written the chemical 
potential as the sum of a standard potential term 
and an activity term

Ua = Ua°(T,P) +  R T In c j a (4)

with R the gas constant, T the absolute tempera­
ture, and f a the single ion activity coefficient. In 
eq. 3. we have introduced the measurable mean 
ionic activity coefficient/ar" =  / a^ / r"r -

The derivation of the limiting current equations 
requires eq. 3 only in a small region of the diffusion 
layer near the electrode surface.6 Because of 
various surface effects, it is unlikely that eq. 3 or 
its precursor, eq. 2, applies directly at the surface. 
Nevertheless, in phenomenological discussions like 
this one it is ordinarily assumed that the equations 
do apply for all macroscopic distances from the 
surface, and that surface effects play a significant 
role only insofar as they help to determine bound-

(2) P. J. Dunlop and L. J. Costing, J. Phys. Chem., 63, 86 (1959).
(3) (a )  R. W. Laity, ibid., 63, 80 (1959); (b) E. Helfand, J. Cĥ m. 

Phys., 33, 319 (1960); (c) S. Ljunggren, Trans. Roy. Inst. Tcchnol. 
Stockholm, Sweden, Nr. 172 (1961); (d) R. J. Bearman and J. G. 
Kirkwood, j .  Chem. Phys., 28, 136 (1958).

(4) E. A. Guggenheim, “ Thermodynamics,” 3rd Ed., North-Hoi- 
land Publishing Co., Amsterdam, 1957.

(5) Reference 1, p. 32.
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ary conditions. In the present instance, the 
usual boundary condition is that the velocity of 
each species other than the electroactive species 
vanishes at the boundaries. In the small region 
of the diffusion layer under consideration, this 
boundary condition is satisfied for practical 
purposes, and eq. 3 reduces to

z a Ca F R T
d In cavW ^ Î auv 

àx
K

— 22 PACCAR Ì +  Ca R̂̂ RA Ì (5) 
0=1 s*A

where i  — zacaFua is the (signed) current density. 
We may rewrite the left-hand side of eq. 5 as

Za Ca F R T
d In Ca^ cr^ /ar"

dir

z a F R T Ca
d In cr-r/ ar"

da; +  va
dcA 
da; _ (6)

We now confine ourselves to the case of interest 
wherein the concentration of A is small and the 
concentration of R  is much greater than that of 
A—that is, the case where there is a large excess 
of supporting electrolyte. The first term in the 
brackets will be negligibly small compared with 
the second, and Fick’s law results from eq. 5 and 
6 in a form which leads directly to the limiting 
current equation6

r r , P dcA 
i  =  — z a F D a

ax

DaV
R T

22 Cß̂ Aß — Ca r̂a
0 = 1 VA

(7)

We have denoted the diffusion coefficient of the 
polarographic experiment by Z)AP. If a second 
anion R ' is present, we have a second similar 
equation for i, with a different diffusion coefficient 
in which (rR/r A)(cAfRA) is replaced by (vR>/ 
va') (ca?R'a) • In this event, we must assume that 
the term involving cA in each diffusion coefficient 
is negligible compared with the others. Otherwise, 
the alternative diffusion coefficients would not be 
equal and the two versions of eq. 7 would not be 
consistent with each other. The inconsistency 
would necessitate the use of the complete eq. 5 
which might not lead to the usual limiting current 
equations. If we had assumed ideality in eq. 2 
and had neglected the electric potential gradient 
term, we could have derived eq. 7 directly without 
the ca term. We have preferred, however, to 
state our approximations in forms which can be 
verified experimentally. Moreover, our complete 
expressions may prove useful when the approxi­
mations are not valid.

(6) Reference 1, eq. 3.27.

The polarographic diffusion coefficient is related 
closely to the tracer diffusion (also called the self­
diffusion) coefficient Da of ion A which measures 
the diffusion of a labeled trace of the ion through a 
system otherwise in equilibrium. It has been 
demonstrated elsewhere that7

D a  =
R T

it
22 C0?A0
0 = 1

(8)

In eq. 8, unlike eq. 7, the sum is taken over all 
species including A. The reason for this is that the 
tracer species is initially taken to be an extra 
component, different from A, and is then later 
set equal to A in all physical characteristics. The 
tracer diffusion coefficient is composition depend­
ent, and thus, if it is to be compared with the 
polarographic coefficient, must be measured in a 
system with the same concentrations as in the 
polarographic experiment. The tracer diffusion 
coefficient is not related in general to the con­
ductivity through the Nernst-Einstein equation 
which is valid at infinite dilution of all species.

Clearly, according to their definitions in eq. 7 
and 8, DAF and DA are not identical. In fact, 
by comparing denominators, it may be shown 
readily that DAF >  DA if the friction coefficients 
are positive. In that case

2-j c 0SA0 CAfRA =  2-1 C0("A0 +
0=1 rA 0=1
*A  =t=A, =|=R

( c r ---------- - C a R r a  <  2 2  C f& A 0  +
\ VA J 0 = 1

=i=A, ±R

cr r̂a +  caj"aa (9)

However, in deriving the first of eq. 7, which pro­
vides the means of measurement of the polaro­
graphic diffusion coefficient, we have supposed 
that cA is small. It is therefore likely that con­
sistency requires the neglect of the ca term in the 
definition of the coefficient. It is further probable 
that whenever this ca term is negligible, the cA 
term in the definition of the tracer diffusion co­
efficient is also negligible. But if both terms can 
be neglected, DAF and DA are equal by eq. 7 
and 8. It thus appears reasonable that D\F and 
Da will be found to be equal within the limits of 
validity of the limiting current equations. The 
question as to whether they are identical within 
experimental uncertainty is, however, more readily 
settled by experiment than by theoretical analysis.

The author is grateful to Professor Ralph Adams 
for his friendly encouragement. This research 
has been supported by a grant from the U. S. 
Air Force.

(7) (a) R. W. Laity. ./. Ctiem. Phijs., 30, 682 (1959); (b) R. J.
Bearman, J. Phys. Chetn., 65, 1961 (1961).
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C O M M U N I C A T I O N  T O  T H E  E D I T O R

THE IONIZATION POTENTIAL OF 
(ISO)THIOCYANIC ACID

Sir:
In a mass spectrometric study of ethyl isothio- 

eyanate, we have observed that the ion of m/e = 
59 is 93% of the base peak (m/e =  87). The 
relative abundance of the isotopic mass peak at 
m/e =  61 indicates that the ion of m/e =  59 may 
be HNCS + or HSCN+. The structure of the 
m/e =  59 ion is discussed further in the concluding 
paragraph of this communication.

The ionization and dissociation of ethyl iso- 
thiocyanate leading to the m/e =  59 ion may be 
represented by

C2H6NCS IINCS+ +  C2Ii4 (1)

(the specific structure of the ion is not implied); 
if this is so, one would expect a fairly low appearance 
potential for the m/e =  59 ion. Equations similar 
to eq. 1 have been observed for a number of dif­
ferent systems, such as for 3,4-dithiahexanc1 and 
triethylphosphite.2 Using a time-of-flight mass 
spectrometer,3 we have determined the appearance 
potential (by treating our experimental data in the 
manner described by Warren4) for the m/e =  59 
ion to be 11.38 ±  0.15 o.v., thus indicating a 
reasonably simple process, such as that given by 
eq. 1. The heat of formation of C2H6NCS has not 
been reported in the literature, but A//f- 
(CII3NCS(g)) = 27.1 keal./mole.5 We therefore 
may estimate A/L(C2H6NCS(g)) = 22 kcal./mole 
using Franklin’s group calculations.6 Since A //f- 
(C2H4) =  12.496 kcal./mole,7 we calculate AHt+ 
(HNCS) = 272 kcal./mole, utilizing our measured 
appearance potential.

The heat of formation of IINCS has not been 
reported, but we estimate it to be about 27 keal./ 
mole by comparison of the heats of formation of a

(1) R. W. Kiser and B. G. Hobrock, J. Phys. Chem., G6, 1214 (1962).
(2) Y. Wada and R. W. Kiser, personal communication.
(3) E. J. Gallegos and R. W. Kiser, J. Am. Chem. Soc., 83, 773 

(1961).
(4) J. W. Warren, Nature, 165, 811 (1950).
(5) S. Sunner, Acta Chem. Scand., 9, 837 (1955).
(6) J. L. Franklin, Ind. Eng. Chem., 41, 1070 (1949).
(7) F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and I. 

Jaffe, “Selected Values of Chemical Thermodynamic Properties,” 
National Bureau of Standards Circular 500, U. S. Government Printing 
Office. Washington, D. C., 1952.

number of H X  and CH3X  molecules (X  =  OH, 
SH, CN, CHO). Therefore, /(HNCS) =  AHt+- 
(HNCS) -  Af7f(HNCS) =  272 -  27 =  245 
kcal./mole, or 10.6 e.v.

It is possible to calculate /(HNCS) based 
on Franklin’s group orbital method.8 Taking 
/(C H 3NCS) =  9.25 e.v.,9 /(C 2H6NCS) =  9.10 ±  
0.15 e.v. determined in the present study in 
our Laboratory (9.14 e.v. has been reported 
previously9) and the C-C interaction parameter =  
1.55, we calculate /(HNCS) =  10.61 e.v., in 
better-than-expected agreement with the value we 
derived from the appearance potential of m/e =  
59 from C2H6NCS. As a by-product of this 
calculation, the C-NCS interaction parameter was 
determined to be 2.34. Extending these calcula­
tions, we find that /(C H 3CH2CH2NCS) =  9.07 
e.v., only slightly lower than /(C 2H5NCS). There 
is presently no experimental value with which to 
compare this calculated value.

It is indeed tempting to assume that, in the 
dissociation leading to the elimination of C2H4 
(eq. 1), the structure of the ion formed is HNCS+. 
However, we presently have no experimental 
evidence that isomerization to HSCN+ has not 
occurred. The referee of this communication 
has pointed out that a Franklin group orbital 
calculation of /(IISCN) from the ionization 
potentials for methyl and ethyl thiocyanate9 leads 
to a value of 10.9 e.v., a value not significantly 
different from that calculated above for /(HNCS) 
or indirectly determined by us from the appearance 
potential of the m/e =  59 ion. Although we esti­
mate that Aff,(ilNCS) and Afff(HSCN) are 
very nearly the same, and that A77f+(HNCS) and 
A//f+(TISCN) are also very nearly the same, we 
are presently studying a series of alkyl thiocyanates 
in order to attempt to distinguish between the 
structures of HSCN+ and HNCS+.

The authors wish to thank the referee for his 
helpful comments.

(8) J. L. Franklin, J. Chem. Phys., 22, 1304 (1954).
(9) K. Watanabe, T. Nakayama, and J. Mottl, “ Final Report on 

Ionization Potential of Molecules by a Pbotoionization Method,” 
December, 1959; Dept. Army 5B99-01-004 ORD- TB-2-OOOl-OOR- 
1624, Contract No. DA-04-200-ORD 480 and 737.
D epartment op C hemistry R oger C. Shenkel
K ansas State University B rice G. H obrock
M anhattan, K ansas R obert W . K iser

R eceived A ugust 10, 1962
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