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In this paper certain results from investigations on multicomponent
transport involving macromolecules are summarized. The transport pheno-
mena treated are sedimentation, diffusion and thermal diffusion. In ternary
systems containing two polymers in a single solvent or one polymer in a mi-
xed solvent various interesting interaction effects can be observed. These
interactions are especially pronounced close to phase separation points and
can also be correlated with the size of the molecules.

A good understanding of transport phenomena in multicomponent systems is
of great importance for a number of reasons. In living organisms, for example,
materia is transported inside the cells, across membranes and in various fluids.
Invariably those systems consist of more or less concentrated multicomponent
phases. Sometimes (as in cells) the concentrations and the composition are such that
phase separation might occur, which at least in part could explain the nonisotropic
structure of cells [7]. In modern polymer chemistry there also seems to be a tendency
to concentrate interest on more sophisticated systems like copolymers, swollen
systems giving a ‘‘texture’’, efc. Such systems must often be regarded as multi-
component. In chemical technology a number of processes — probably the major-
ity — include transport in a multicomponent system of one sort or another. When
investigating the mass, size and shape of macromolecules by the hydrodynamic
methods, for example, one is often forced to use a multicomponent solution. Cellulose,
for example, is not soluble in a simple solvent, hence composite ones like CED,
Cadoxen, EWNN, etc. must be used (for a review see [16]). Proteins are generally
studied in buffer solutions. Many other examples could be given.

During the last ten to twenty years there has undoubtedly been a great interest
in transport phenomena in multicomponent systems and although some progress
has been made a number of problems remain to be solved.

In this survey I will not try to review the whole field but rather bring up a few
points, which perhaps could be of a more general interest.

Sedimentation

Let us begin with sedimentation and consider a sedimenting particle. The velocity of
the particle depends (for unit accelerating field) on the particle mass and volume and
on the solvent viscosity. The velocity will also depend on the concentration. The detailed
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analysis of the szdimentation process is very difficult and no definite explanation of the
concentration dependence has so far been given. Apart from the trivial reasons that
a concentration dependence of the partial specific volume, 7, and of the solution density,
9, should reflect, through the factor (1 —o g), in a concentration dependence of the sedi-
mentation coefficient, s, only qualitative or semiquantitative explanations can be given..
It is immediately clear that s must depend on the viscosity of the medium, but probably
some ‘‘microscopic’’ viscosity is operative, rather than the ‘“‘macroscopic’ one as measured.
in a capillary viscometer. Fig. 1 shows the situation for some macromolecules.

Most probably the hydrodynamic interaction is strong in sedimentation. For example,.
there must always be a ‘“‘backward flow’’ of solvent, compensating for the flow of sedi-
menting material. This ‘“‘backward flow’’ will increase with concentration [8].

If a second solute is present the situation will be further complicated. Let 1 designate:
the component of immediate interest and let 2 be the added component. The presence
of 2 will of course effect v, g, the viscosity, and the backward flow, and hence the sedi-
mentation coefficient of component 1, s,, will be a function of both concentrations c,
and c, (expressed as mass per unit volume). Of course s,, the sedimentation coefficient.
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Iig. 1. Qualitative plot of the sedimen- I'ig. 2. Diagram showing the effect of
tation coefficient multiplied by the rela- various concentrations of deoxyribose
tive viscosity vs. concentration for some nucleic acid (DNA) on the sedimentation
macromolecules. of polystyrene latex particles with a dia-
NC = nitrocellulose, TMV = tobacco meter 2600 A (curve I) and bushy stunt
mosaic virus, PS = polystyrene, and virus (filled circles). Curve 2 gives
PIB = polyisobutylene. fret — 1 vs. cpna for comparison.
This viscosity correction introduces an Data according to [41].
overcompensation for NC and an under-
compensation for PS and PIB.
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of component 2, will also depend on ¢, and ¢,. The importance of this cross dependence
has been known for a long time [21] and various methods have been devised to account
for this often unwanted complication [49, 30, 44]. This so called Johnston —Ogston effect
is usually ascribed to the hydrodynamic interactions during sedimentation. However,
in a ternary solution subjected to sedimentation there may also be effects that are more
properly described as ‘‘geometric” and ‘‘thermodynamic’, and we will now consider
those more in detail.

If the added component — 2 in our notation — consists of threadlike molecules like
DNA or hyaluronic acid (HA), it will even at low concentrations form a three-dimensional
network which also in general will move in the accelerating field. If the particles of
component 1 are large enough, their sedimentation will be impeded or enhanced depending
upon their tendency to move faster or slower, respectively, than the network. This effect
has been investigated experimentally [40, 41, 26 —29] and it has been found to be very
pronounced in some cases. Fig. 2 shows the effect of various concentrations of the slow
component DNA on the sedimentation of the fast components polystyrene latex particles
(2600 A) and bush stunt virus (300 A). The sedimentation of the smaller virus particles
is not at all affected whereas the velocity of the latex particles is greatly reduced. It is
also seen that the change in relative viscosity due to the presence of DNA does not
correlate with the sedimentation behaviour for these systems. Sometimes, however, the
correlation between sedimentation and the viscosity due to the added component is
very good. This is the case for the sedimentation of 71'-3 bacteriophage, bushy stunt
virus, and tobacco mosaic virus in fibrinogen solutions of various concentrations [40,
413; ¢f. Fig. 1.
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Fig. 3. Sedimentation coefficients of Fig. 4. Plot of the experimentally deter-
four proteins in the presence of hyalu- mined parameter (K -d) vs. the par-
ronic acid: I. a-crystallin; 2. y-globulin; ticle diameter, d.
3. human fibrinogen; 4. y-crystallin. PSL = various polystyrene latex samples,
The concentrations of the four proteins LUDOX HS = a colloidal silica fraction,
were kept low and constant. From [27]. TYMV = turnip yvellow mosaic virus.

1. fibrinogen: 2. w-crystallin; 3. y-globu-
lin; 4. and 4. albumins; 6. y-crystallin.
From [27].
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The effect of hyaluronic acid on the sedimentation rate of various proteins, polystyrene
latex particles and colloidal silica has been extensively studied by Laurent et al. [26—28].
Some results are shown in Fig. 3. It has been found from these experiments that for

suffictently high concentrations cua, In(so/s) is a linear function of l/a{—; . Furthermore,.
the slope of such a linear plot correlates with the particle size and the following empirical
relation has been suggested

s e
— = A exp(—Kd ]/CHA), (1)
So
where s and sp refer to solutions with and without added hyaluronic acid, respectively.
K and A4 are constants and d is the diameter of the sedimenting particle. In Fig. 4 (K - d)
has been plotted versus d in a double logarithmic diagram. In a later paper [29] the sedi-
mentation of serum albumin and «-crystallin was studied in solutions of dextran, dextran
sulfate, methyl cellulose, CM-cellulose, poly(vinyl alcohol) and chondroitin 4-sulfate of
various molecular weights and concentrations. Essentially the same results were obtained
as for hyaluronic acid. For the same degree of polymerization dextran sulfate was found
to impede the sedimentation of the proteins to a much higher degree than dextran.
This is probably due to a more pronounced network structure in the polyelectrolyte
solution.

In an interesting application Laurent and Persson [27, 28] have used the difference in
dependence on cua of the sedimentation of y-globulin and fibrinogen (see Fig. 3) to
accomplish a separation of these substances in the analytical ultracentrifuge. In buffer
only one peak is observed for a mixture of these two proteins, but in 6.8 X 10-3 g/ml
hyaluronic acid two peaks are clearly distinguished as shown in Fig. 5.

Partition measurements of serum albumin between buffer solutions and solutlons
containing hyaluronic acid have shown markedly different partitions in favour of the
buffer solutions [32]. This thermodynamic interaction could imply a strong effect on the
sedimentation rate, but this was not found [2].

It occurred to the present author that in a solution of two different synthetic polymers.
in a common solvent the interaction may be so strong (eventually it leads to incompati-
bility) that the sedimentation rate could be affected. From sedimentation investigations
on mixtures of polystyrene (PS) and polyisobutylene (PIB) in toluene and 1-chloro-n-
-decanc it appears as if such interaction actually occurs [47]. In general the interpretation
of data from sedimentation in multicomponent systems is difficult owing to experimental
complications (square dilution; accumulation of the second component at the boundary
of the first — the accumulation can be so pronounced that inverse density gradients
and hence convection occurs; strong mutual concentration dependence). The system
PS—PIB—toluene, however, is convenient since only the refractive index increment
of PS8 is different from zero. Hence only the flow of PS is measured refractometrically,
and some of the difficulties with the interpretation of primary data are thus eliminated.
Figs. 6 and 7 show the dependence of the sedimentation coefficient of polystyrene, sps,
on the concentrations cps and cpig. A detailed analysis of these data seems to indicate
that the following form for the concentration dependence is obeyed

1 1
s = e (1 + ky cvs + ks cpis — kq; Crs CpiB). (2y
Sps Sps
Here sl is the sedimentation coefficient of PS at infinite dilution (with respect to both
PS and PIB); k,, k, and k,, are positive constants. The presence of the last term in (2)
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indicates that interaction occurs. The numerical values are such that for typical conditions
this last term may contribute approximately 159, to the total value of the parentheses
in (2). Schachman has earlier suggested an expression where only the linear terms in
concentrations were used to express the concentration dependence. The presence of the
“cross term’’, 7.e. ky, cps Cpis, indicates some sort of interaction, either hydrodynamic.
or thermodynamic in nature.
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I'ig. 3. Schlieren patterns from ultra- Iig. 6. sps plotted vs. cps for the follow-
centrifuge experiments with a mixture ing concentrations cpip (in g/dl):
of y-globulin and human fibrinogen (the 1. 0.0000; 2. 0.2413; 3. 0.3106; 4. 0.4046;
same fractions as in Fig. 3) in a) buffer 3. 0.6278.
and b) 6.8 X 10-2 g/ml hyaluronic acid.
From [29].

Phillips and Smith [38] have recently published a discussion of the concentration
dependence of sedimentation in a ternary system assuming a model for the hydrodynamic
interaction. Although of value for less concentration dependent, non-interacting systems
their treatment seems unable to provide an interpretation for the mixed polymer system
discussed above. It is known that for the similar system polystyrene—poly(methyl
methacrylate) (PMMA)—benzene the radius of gyration of PS decreases when PMMA
is added [25]. This should be equivalent to an increase in the sedimentation rate as
indicatzd by the minus sign in front of the cross term in (2). However, more experiments
under more varied conditions seem to be necessary, before the question of the inter-
actions can be definitzly settled.

There exist modern theories for sedimentation in interacting multicomponent systems.
[17—19, 12—15, 37, 1]. In many cases it can be inferred from these theories that cor-
rections due to coupling of flows are small. However, in some cases it is probable that the
corrections become large. This is likely to be the case for two different polymers in the
same solvent. We will indicate this by the following reasoning [48], which is based on the
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Fig. 7. The same data as in Fig. 6 but
plotted vs. cp1s for the following concen-
trations cps (in g/dl): 1. 0.0; 2. 0.1;
3.0.2; 4. 0.3; 5. 0.4; 6. 0.5.
Curve 7 is curve I multiplied by the
relative viscosity.

Fig. 8. The relative decrease in diffusion

rate upon the addition of hyaluronic

acid for 1. and 2. albumin; 3. fibrinogen;

4. a-crystallin; . turnip yellow mosaic
virus.

Curves I and 2 correspond to the same

albumin fraction but the molecular

weight of HA was 1.4 X 105 for curve
1 and 1.7 x 108 for curve 2.

The higher molecular weight applies

also to the other three curves. From [27].

-equations given in [15] and the theory of polymer solutions developed -in [9]. We will
restrict the discussion to the special case when the solution is infinitely dilute with respect
to 1. In order to make the relations more clear, we will, however, for a moment consider
isothermal diffusion in a ternary system consisting of the solutes 1 and 2 and the solvent 0.
For the flows .J, and J, (defined with respect to the mean velocity of the volume element)
we then have the relations [35, 36, 34]

J, = — Dy, grad ¢, — D, grad c.,
Js = — Dy, grad ¢, — D,, grad c,, (3)

where the D;;’s are the four diffusion coefficients of a ternary system as compared to one
in a binary solution.-The Dy’s are expressible in terms of the so called phenomenological
coefficients, L;;, and of the derivatives of the chemical potentials with respect to con-
centrations, g,

ties = (8p0:1001) P, T e, ¢ - (4)
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The Onsager reciprocal relation reduces the number of independent diffusion coefficients
from four to three. If ¢; — 0 (i.e. the solution becomes infinitely dilute with respect to
component 1) one can show that

limD, =0 ()
c; >0
whereas the rest of the D;;’s tend to finite, in general non-zero, limits. In particular
D,, -» DY, when ¢, — 0. The superscript ° will here and in the following indicate infinite
dilution with respect to 1.
Let us now return to the sedimentation of two different macromolecules in a common
solvent and make the reasonable assumption

lim Dy, py;, = 0. (6)

¢, >0

‘We then arrive [15] at the following expression (valid for non-electrolytes)

0 0,0
lims, = 8§ = DY 1 (1 — ¥2Haz) (7)
>0 RT Y us
Y = My(1 — v;0). (8)

The parenthesis in (7) obviously represents the correction due to coupling of flows.
It thus remains to estimate u, and u3, and this is done by forming the derivative of the
expressions for 1, and u, for a ternary system as given in [9]. After taking the expressions
so obtained to the limit ¢; - 0 and assuming for simplicity that y,, = y,. and that the
number of segments in two different macromolecules 1 and 2 is the same, ¢.e. ¥, = x, = w,
we find
s _xz—1+ 232 + 213 vQ 9)
00 1
Hae —+ax—1— 2.5
v,

v; is the volume fraction of component ¢ and y;; is the Flory interaction parameter;
« is essentially the degree of polymerization. It is immediately clear that if the solution
is extremely dilute with respect to component 2, ud,/ud; ~ 0 and the interaction cor-
rection is vanishingly small. However, even in a relatively dilute solution (with respect
to 2) the interaction, as estimated from (9), can be noticeable. Suppose that v, = 0.001
and z = 1000, 9, = 10, x3; = xJ, = 0.25, 7.e. 3, = 250, values which are highly realistic.
Since v ~ 1 it isthen found that uly/ud; ~ 0.3. For v, = 0.005, and without changing
the other parameters, we get udy/uds, ~ 0.7. If y? and y) are approximately equal it is
thus obvious that very strong interaction will occur. Although the considerations above
are admittedly approximate, they probably provide a correct order of magnitude.

Diffusion

The discussion has now reached a point where it is natural to consider diffusion in
a ternary system. Ogston and Sherman [33] have investigated the diffusion of serum
albumin,.glucose and polyglucose in water solutions also containing various concentrations
of hyaluronic acid. Increasing concentrations of hyaluronic acid were found to decrease
the diffusion coefficient of the other components. In the presence of hyaluronic acid the
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diffusion rate of serum albumin was higher for a higher albumin concentration. In a gelatin
gel and in a collagen gel, however, the diffusion coefficients differed only slightly from
those in water. The effect in hyaluronic acid is probably a composite one depending on
viscosity, on the ‘“‘micro-geometry”’ (three-dimensional network) and on thermodynamic
interaction (cf. the partition experiment by Ogston and Phelps [32] mentioned earlier).
From the experiments only qualitative conclusions can be drawn, however. The same
is true for the diffusion experiments reported by Laurent et al. [27], the results of which
are shown in Fig. 8. It is seen that hyaluronic acid drastically reduces the diffusion rate
of albumin, fibrinogen, «-crystallin and turnip yellow mosaic virus. From the two curves
for albumin it is seen that the diffusion rate is more reduced when the molecular weight
of hyaluronic acid is higher. The diffusion results have been combined with the cor-
responding sedimentation data and it is found that s/D is an almost constant number
independent of the hyaluronic acid concentration (see Fig. 9). This probably indicates
that the effect is more hydrodynamic and ‘‘geometric’’ than ‘“‘thermodynamic’ in nature.
It is very difficult, however, to draw any definite conclusions in this respect from the
experiments since they have been evaluated as if the systems were binary (see the dis-
cussion below) and since opposing tendencies may compensate.
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Fig. 9. s/D vs. cua for 1. turnip yellow Fig. 10. Plot of the translational dif-
mosaic virus; 2. a-crystallin; 3. fibrino- fusion coefficient D, the thermal dif-
gen; 4. albumin. From [27]. fusion coefficient D’, and the viscosity 7,

as functions of temperature for bhinary
mixtures of nitrobenzene and n-hexane
(average mole fraction = 0.5).
T indicates the critical solution tempe-
rature. From [5, 46].
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For low-molecular weight ternary systems Gosting and co-workers [11, 31, 10, 52]
have developed very accurate methods to determine the four diffusion coefficients of the
set (3) from free diffusion experiments using the Gouy method. Mostly water solutions
have been studied. A few organic systems have been studied by means of a modified
diaphragm cell technique [43, 6] and the diffusion of polystyrene in a mixed solvent
consisting of toluene and cyclohexane has been investigated by Cussler and Lightfoot [53].
In this latter investigation the polystyrene concentration was essentially constant and
quite high, approximately 5 g/dl. The data of Cussler and Lightfoot show that the cross
coefficients are quite large, for a high cyclohexane content as large as four témes the main
diffusion coefficient. The frictional coefficients which are independent of the frame of
reference chosen for the flows were also given. Their numerical values are less certain
than those for the D;;’s, but one could observe a clear tendency towards an increase
in mutual friction between polystyrene and cyclohexane as the cyclohexane content.
was increased. The measurements were performed at 28°C, which is well below the
O-temperature of ~ 34°C in cyclohexane, but since the molecular weight of the sharp
fraction of polystyrene (M./M, ~ 1.06) was slightly lower than 200 000, no phase
separation did occur even in pure cyclohexane. However, the very low diffusion coefficient
of PS in pure cyclohexane (~ 1 X 10-7cm?sec—! as compared to ~ 9 X 10-7 cm?sec—?
in pure toluene) seems to indicate that the conditions are close to those of phase separa-
tion. This may explain why the cross effects are so pronounced.

Transport phenomena in the vicinity of critical points and for compositions close to
phase separation are very interesting indeed. It is known that when a binary, homo-
geneous solution is brought near to a critical point, the diffusion coefficient decreases
rapidly and vanishes at the critical point [5, 42]. This is due to the derivative of chemical
potential with respect to concentration becoming zero at the critical point. For the
binary diffusion coefficient one has from the theory of irreversible thermodynamics

D=1t (10)
Cp Vo

where L is the binary Onsager phenomenological coefficient. From the results of Claesson
and Sundeldf [5] it is clear that for the system nitrobenzene — i-hexaneD drops to zero at
the critical point at the same time as D/u;;, oc L < 7 stays almost constant and positive
(see Fig. 10). For ternary systems the situation is more complex. Kirkaldy and Purdy
[24] have recently treated this case theoretically and it is shown that at a phase separation
point the determinant |D;;| vanishes. This ensues from the following reasoning. At
a phase separation point the determinant ,, fss — 1o 4s; equals zero. For a ternary
system the D;;’s are related to the u;’s and the four Onsager phenomenological coefficients
Ly, through the matrix relation o[Di;] = [Lij] - [ui;]. Since the determinant product
follows the same relation and the determinant |Ly;| stays finite one gets |D;;| = 0. For
a true tarnary critical point, i.e. where the miscibility isotherm has been reduced to
a point, all four diffusion coefficients D;; vanish [24].

Let us now treat a problem of some practical interest. Imagine a free diffusion experi-
ment in a ternary solution where the original concentration step of the added component
is zero (i.e. dc, = 0 for ¢ = 0), whereas 4c, # 0. Can the diffusion of component 1 when
the concentration ¢, is small be treated as a binary process? The general answer is
no, although in many cases the binary treatment will be approximately correct. The
reason is the following. If the step du, in chemical potential of component 2 across the
boundary is not zero (which often will be the case even when Adc, = 0) there will be
a tendency for component 2 to even out this difference by diffusion. There may also be
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a hydrodyaamic coupling of flows, since the phenomenological coefficients need not
nacessarily be zero. To clarify this it is instructive to consider the ratio of flows for 1 = 0
at the position of the boundary (x = 0) when 4c, = 0, 4¢, == 0. One has from (3)

(J._.) N (-—D21 grad ¢, — D,, grad cg) .
Ji ) t=z=0 —D,, grad ¢, — D, grad ¢, [ t=z=0; 4ca=0

D d DY
e f B0 By 2L when o 0 (11
Dy, grad ¢, J¢=z-0 DY,

It is thus seen that in the limit ¢, — 0 the ratio of flows is finite and non zero if D}; = 0
{which is physically possible). If the coupling is strong the ratio D$,/DY, is likely to be
comparable to 1 and hsnce the set (3) is necessary for a correct description. Strong
coupling is likely to occur close to phase separation points. This has been shown both
exparimentally and theoretically for the system triethylamine—water—phenol [22].
That strong coupling occurs when a polymer is diffusing in a solvent —nonsolvent mixture
is also indicated by recent experiments [20].

Accurate measuremants of the four diffusion coefficients in a ternary system are
exparim>ntally very difficult. For certain initial conditions density inversions leading
to convections develop during a run. Since these convections are generated by the diffusion
process thay are often highly reproducible. These effects were first treated by Valtasaar:
and Hellman [50] for th: diffusion of cellulose in cupriethylene—diamine solutions
(CED). In som> cases conveactions may be caused also by coupling of flows [51, 39].
There exist also certain restrictions on the values of the D;;’s which must be fulfilled
if the solutions to the set of differential equations obtained from (3) by introducing the
continuity equations shall have any physical meaning [23, 45, 4].

Thermal diffusion

A few yaars ago Bonnr [3] published some intsresting work on thermal diffusion
of polymoars. H: us>d th® moving boundary method from which the thermal diffusion
co>fficient D’ is directly obtained. It was found that in good solvents D’ is almost inde-

M\

- -f--n
————-

T

Fig. 11. Plot giving the possible variation of the thermal diffusion coefficient for poly-

mers, D', with temperature, T, for two different molecular weights (M, > M,) close

to a phase separation point. The temperatures at the top (I) and bottom (2) of the
thermal diffusion cell are indicated.
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pendent of molecular weight. However, for polystyrene in cyclohexane well below the
O-temperature (but above phase separation) strange stepfunctions in concentrations
developed. This became very pronounced if the polymer consisted of a mixture of
different molecular weight samples. The steps closer to the cold bottom plate of the
cell migrated with a higher velocity than the main boundary. The detailed shape of
these steps and plateaus could of course be due to convections, but it is almost certain
that the convections must come from some feature of the thermal diffusion flow. One
possible explanation is the following. From experiments on binary systems containing
low-molecular-weight substances we know that the thermal diffusion coefficient increa-
ses strongly when the critical solution temperature is approached; see Fig. 10 [5]. For
2 homologous series of polymers the upper critical solution temperature is higher the
higher the molecular weight. This could, if the situation is the same as for low-mole-
cular-weight substances, give rise to a different temperature dependence of D’ for diffe-
rent molecular weights and the heavier molecules should move faster than the less
heavy ones if the temperature is such that the system is close to phase separation, see
Fig. 11.

I wish to express my sincere thanks to the Slovak Academy of Sciences and to the orga-
nizers of the meeting on “Thermodynamics of Ternary Polymeric Systems’ for their support.
Financial support from the Swedish Natural Science Research Council is also gratefully
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References

. Baldwin R. L., J. Amer. Chem. Soc. 80, 496 (1958).

. Blumberg B. 8., Ogston A. G., Biochem. J. 63, 715 (1956).

. Bonner F. J., Ark. Kemi 27, 19 (1967).

. Castleman L. S., Froot H. A., Acta Met. 12, 15 (1964).

. Claesson S., Sundeléf L.-O., J. Chim. Phys. 54, 914 (1957).

. Cullinan H. T., Jr., Toor H. L., J. Phys. Chem. 69, 3941 (1965).

. Edmond E., Ogston A. G., Biochem. J. 109, 569 (1958).

. Enoksson B., Natuie 161, 934 (1948).

. Flory P. J., Principles of Polymer Chemistry. Cornell University Press, Ithaca, New

York, 1953.

10. Fujita H., Gosting L. J., J. Phys. Chem. 64, 1256 (1960).

11. Gosting L. J., Advan. Protein Chem. 11, 476 (1956).

12. Haase R., Kolloid. Z. 138, 105 (1954).

13. Haase R., Kolloid. Z. 147, 141 (1956).

14. Haase R., Z. Phys. Chem. (Frankfurt) 25, 26 (1960).

15. Haase R., Diffusion and Sedimentation in Multicomponent Systems, in J. W. Williams
(Editor), Ultracentrifugal Analysis in Theory and Experiment. Academic Press, New
York, 1963.

16. Henley D., Ark. Kemi 18, 327 (1962).

17. Hooyman G. J., Holtan H., Jr., Mazur P., dec CGroot S. R., Physica 19, 1095 (1953).

18. Hooyman G. J., Physica 22, 751 (1956).

19. Hooyman G. J., Physica 22, 761 (1956).

20. Johnsen R., private communication, 1970.

21. Johnston J. P., Ogston A. G., Trans. Faraduy Soc. 42, 789 (1946).

22. Khazanova N. E., Kalsina M. V., Russ. .J. Phys. Chem., English Transl. 38, 666 (1964).

[ U U

© W -1 O

Chem, zvesti 25, 203 —214 (1971) 213



23.
24.
25.
26.
21.

28.
29.
30.
31.

32.
33.
34.
35.
36.
317.
38.
39.
40.
41.

42,
43.
44.
45.
46.
417.
48.
49.

50.
51.
52.
53.

L.-0. SUNDELOF

Kirkaldy J. 8., Can. J. Phys. 36, 899 (1958).

Kirkaldy J. S., Purdy G. R., Can. J. Phys. 47, 865 (1969).

Kuhn R., Cantow H.-J., Makromol. Chem. 122, 65 (1969).

Laurent T. C., Pietruszkiewicz A., Biochim. Biophys. Acta 49, 258 (1961).

Laurent T. C., Bjork I., Pietruszkiewicz A., Persson H., Biochim. Biophys. Acta 78,
351 (1963).

Laurent T. C., Persson H., Btochim. Biophys. Acta 78, 360 (1963).

Laurent T. C., Persson H., Biochim. Biophys. Acta 83, 141 (1964).

Moring-Claesson L., Ark. Kemi 10, 1 (1956).

O’Donnell I. J., Gosting L. J., in W. J. Hamer (Editor), Structure of Electrolytic
Solutions. J. Wiley, New York, 1959.

Ogston A. G., Phelps C. F., Biochem. J. 78, 827 (1960).

Ogston A. G., Sherman T. F., J. Physiol. 156, 67 (1961).

Omnsager L., Ann. N. Y. Acad. Sci. 46, 241 (1945).

Onsager L., Phys. Rev. 37, 405 (1931).

Onsager L., Phys. Rev. 38, 2265 (1931).

Peller L., J. Chem. Phys. 29, 415 (1958).

Phillips C. R., Smith T. N., J. Phys. Chem. 74, 1634 (1970).

Reinfelds G., Gosting L. J., J. Phys. Chem. 68, 2464 (1964).

Schachman H. K., Harrington W. F., J. Amer. Chem. Soc. 74, 3965 (1952).
Schachman H. K., Ultracentrifugation in Biochemistry. Academic Press, New York,
1959.

Siry M., Thesis. Rheinischi-Westfalische Technische Hochschule, Aachen, 1966.
Shuck F. O., Toor H. L., J. Phys. Chem. 67, 540 (1963).

Soda A., Fujimoto T., Nagasawa M., J. Phys. Chem. 71, 4274 (1967).

Sundelof L.-O., Sodervi 1., Ark. Kems 21, 143 (1963).

Sundelsf L.-O., Ark. Kem: 15, 317 (1960).

Sundelof L.-O., Presented at the Leiden Symposium on Macromolecules, 1970.
Sundelof L.-O., in press.

Trautman R., Schumalker V. N., Harrington W. F., Schachman H. K., J. Chem. Phys.
22, 555 (1954).

Valtasaari L., Hellman E., Acta Chem. Scand. 8, 1187 (1954).

Wendt R., J. Phys. Chem. 66, 1740 (1962).

Woolf L. A., Miller D. G., Gosting L. J., .J. Amer. Chem. Soc. 84, 317 (1962).

Cussler E. L., Jr., Lightfoot E. N., .J. Phys. Chem. 69, 1135 (1965).

~
214 Chem. zvesti 25, 203 —214 (1971)



