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transition as T is lowered (we assume the nucle-
ating solid to be in the bcc phase for T &1.464 K
because this is the natural phase in this T region;
neutron scattering studies' are needed to clarify
this point), the associated increase in n, ~(T)
would cause the experimental data to double back
from pointA. to point & in Fig. 3 and then to con-
tinue downward along the curve. This effect was
not observed, from which we conclude that the
solid film in the run for + =0.2976 most probably
remained in the metastable bcc phase for & & 1.464
K.

Lt had been anticipated at the outset of the ex-
periment that evidence of layer-by-layer deposi-
tion of the solid would be observed. This was not
the case, perhaps because of the quantum nature
of He' as well as thermal motion, effects which
would tend to smear out evidence of such a local
phenomenon. "'"
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We show that by using a simple optical method, thermodiffusion processes can be ex-
ploited for an accurate, reasonably fast determination of the diffusion coefficient 8 for
various macromolecules in solution. As a byproduct, reliable values for the thermal-
diffusion ratio Pz are also derived. Furthermore, we report experimental evidence of a
new type of convective instability generated in a dilute solution of macromolecules heated
from above.

Although it is not widely known, a temperature
gradient can make macromolecules sediment from
a solution in very much the same way as a centri-
fugal field does. This is due to the Soret effect
or thermodiffusion, ' a physical process particu-
larly well studied in the ease of solutions of elec-
trolytes, mixtures of liquids, and mixtures of

gases. 2' Much less work has been done in the
field of solutions of macromolecules and most
studies have been mainly concerned with the in-
vestigation of steady-state properties. ' One ex-
ception is the work of Meyerhoff and Nachtigall'
who performed an optical study of the dynamics
of the Soret effect in solutions of polymers in
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toluene and derived a set of values for the diffu-
sion coefficient D. In spite of their accurate
work, thermal diffusion never became a well-es-
tablished technique for the determination of diffu-
sion coefficients of macromolecules. Partial ex-
planation of this situation lies in the fact that the
technique used in Ref. 5 is rather time consum-
ing.

In this Letter we show that by using a very sim-
ple optical method employing a laser-beam de-
flection technique, thermal diffusion can indeed
become a relevant, accurate, reasonably fast
technique for the determination of D for macro-
molecules in solution. %e also show that its
range of applicability is probably quite large. In-
deed, we present data for various macromolecu-
lar species, including polymers, micelles, and
proteins. Values for the thermal-diffusion ratio
kT are also presented. Finally, we discuss the
special case of macromolecules that, rather ex-
ceptionally, migrate to the hot plate. This situa-
tion can generate a new type of convective insta-
bility even if the sample is heated from above.
Direct evidence of this instability will be present-
ed,

The experimental setup and optical technique
are identical to those described in a previous ar-
ticle. ' The index-of-refraction gradient (dn/dz)
is measured by determining the angular deflec-
tion 6=l(dn/dz) of a laser beam, mildly focused
in the midplane of a thin sample confined between
two horizontal metallic plates. The length of the
fluid samples was l = 20 mm, and thicknesses of
0.5 and I mm were used.

Measurements were taken according to the fol-
lowing procedure. Each sample was left to ther-
malize inside the temperature controller until the
temperature of the two plates became equal and
the transmitted-beam angular position was sta-
tionary. A temperature difference AT, typically
less than 0.7'C, was then suddenly applied be-
tween the plates (heating was done from above).
Such a temperature could be maintained over a
few hours to better than +0.2 mdeg. Measure-
ments of 9 were made every minute after the
temperature difference had been applied. Typical
data for 8 versus time t are shown in Fig. I, No-
tice that e undergoes first a very rapid variation,
followed then by a very slow one. Indeed, dn/dz
is the sum of two contributions:
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FIG. 1. Typical time evolution of the beam deflection
e(t) and D(t) =6( ) —e(t) for a 1~/0 mass fraction aqueous
solution of sodium dodecyl sulfate. Salt concentration
was 0.1M NaC1, LT =0.658'C, sample thickness a=1
mm. Data for 6(t) are presented on a semilog plot.

The first contribution is due to the thermal ex-
pansion of the sample and sets in almost instan-
taneously. The second contribution is the inter-
esting one, since it is due to the buildup of the
thermally induced concentration gradients.

According to the theory, ' the time evolution of
dc/dz estimated in the center of the cell is given
by

dc 4T k~ 4 I' t-I —-exp
~dr a 1' m

(2)

This expression is valid for t & v./3, where ~= a'/
p D, and a is the samples thickness. Incidentally
we would like to point out that the square bracket
in Eq. (2) is identical to the expression one ob-
tains for dc/dz in the case of a thin sample placed
in a (small) uniform acceleration field. ' Accord
ing to Eq. (2) dc/dz should decay as a pure expo-
nential characterized by the time constant ~, at
least for t& 7/3, while for t &~/3 higher-order
terms come into play. These terms account for
the initial rounding observed in the plot e versus
t. The agreement between Eq. (2) and the experi-
mental data can be judged from Fig. 1 where data
for b, (t) =6(~) —6(t) are reported in a semilog
scale. From the slope of this plot we derive the
value of the diffusion coefficient. '

Values for the thermal diffusion coefficient,
Dth d;ff, and kT for different macromolecules are
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TABLE I. Thermal diffusion ratio kz and diffusion coefficient D for various
macromolecules in solution. All the data are taken at, or corrected for, T =25
C. Water was used as a solvent for all samples, except polystyrene, which

wa, s dissolved in toluene. The salt content is 0.1M NaCl for sodium dodecyl sul-
fate solutions. The lysozyme sample is prepared at pH=4. 2 using a 0.1M sodi-
um acetate-acetic acid buffer. The bovine serum albumin sample is prepared
atpH= 6.9 using a 0.5M KCl buffer.

C

(wt. ojp)

Dthdiff Draff
(10 ~ cm /sec ~) (10 ~ cm /sec ~)

Triton X-100
Sodium dodecyl sulfate

Sodium dodecyl sulfate

Polyvinyl alcohol d

Polystyrene f

Lyso zyme
Bovine serum albumin

1.0
0.5

1.0

0.7
1.0
1.0
3.0

+ 0.210
+ 0.048

+ 0.096

—0.113
+ 0.581
+ 0.061
+ 0.168

5.82
10.8

11.5

2.01
5.55

11.8
6.78

5 Bp

0 Sob

10 2c
y1.1Pb

9 Olc
] p5b, e

5.58
11.9g

7h
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reported in Table I together with reference val-
ues, D„f. Typical accuracy for Dtp dif f is better
than + I% for the polystyrene sample and drops to
~ 5% for lysozyme. Good agreement is found with

D„f except for polyvinyl alcohol, which was a
highly polydisperse sample. A discussion of the
meaning of D, Q d'f f in polydisperse systems will
be given in a forthcoming paper. " These results
show that indeed dynamic thermodiffusion meas-
urements allow precise determination of the diffu-
sion coefficient of macromolecules, and that they
can be a valid, useful alternative to classical
techniques like free diffusion" or dynamical stud-
ies performed with analytical centrifuges. ' Light-
scattering self -beating spectroscopy, "the most
modern technique for the determination of D, is
possibly more accurate and less time consuming
than thermodiffusion, expeeially in the fairly high
molecular weight range. It should be said, how-
ever, that due to the fact that a laser beam can
be focused down to a small diameter, operation
with a 0.2-mm-thick sample is quite feasible
(conventional techniques like those described in
Refs. 5 and 9 could not work properly with such

a reduced fluid height). Incidentally, with a 0.2-
mm-thick sample, measurements of the type
shown in Fig, 1 would take less than 3 min. One
subtle, but practical advantage of thermodiffu-
sion is that this technique is quite insensitive to
dust problems (centrifuge studies also benefit
from this advantage). All the samples we have
studied required no filtering.

We would like to make here some remarks on
the analogy between thermodiffusion and centri-
fuging. Although the time evolution obeys the
same laws, the magnitude of the steady-state con-
centration gradient depends, in the two eases, on
two different physical quantities, For a given
centrifugal field it is proportional to &c/0 p o=M,
where I is the molecular weight. " Pn the con-
trary, kr (and therefore the steady-state concen-
tration gradient) is proportional" to the product
(&c/0 p)S*, where S* is the net entropy of transfer.
S* is related to the order that a macromolecule
imposes on the surrounding solvent molecules.
If the order is high, S* is large and positive. In
highly structured liquids, like water, it can hap-
pen that a macromolecule induces less order in
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the neighboring solvent molecules than is usually
found in the bulk, pure-solvent phase. In this
case S* is negative. Our measurements indicate
that k~ is usually quite large and can be deter-
mined quite accurately (the steady-state concen-
tration gradient reported in Fig. 1 has the same
magnitude one would obtain by spinning the same
sample to 1020g). We suggest that by combining
thermodiffusion with light-scattering intensity
measurements (which give Bc/8 p), one could de-
termine S*. It is likely that such a combined
measurement could give useful information es-
pecially in connection with aqueous solutions.

Finally we point out that if k~ &0, macromole-
cules migrate to the hot plate. Such a situation
can lead to a convective instability even if heating
is done from above is,ie For a pure-fluid layer of
thickness a, convective instabilities develop only
when heating is done from below and if the tem-
perature difference AT is large enough to make
the Rayleigh number R =ga'us T/g v = 1708 [g is
the acceleration due to gravity, n= - (1/p)(ep/& T),
v is the kinematic viscosity, and y is the thermal
diffusivity]. Typically, for a 1-mm-high sample
of water hT„;,= 88'C. For mixtures and solu-
tions the situation is quite different. Heating
from above now, the critical temperature differ-
ence is given by the relation'4

R = R(y/D)(Pkr/aT) = 720, (3)

where p is (1/p)(ap/ec). Since y -10 ' cm'/sec
and D-10 '-10 ' cm'/sec, Eq. (3) indicates that
the critical temperature difference is drastically
lower than for pure fluids. We present, for the
first time, direct evidence of this instability.
Measurements have been taken on two samples of
polyvinyl alcohol 0.5 and 1.0 mm high, and the re-
sults are presented in Fig. 2. The temperature
difference for the 0.5-mm cell was 0.214 C. The
data for this cell (curve a) are similar to those
reported in Fig. 1. The only difference is that
the beam now moves upward during the slow dif-
fusive motion, thus indicating that the macro-
molecules are migrating upwards, and therefore
k~ is negative. The temperature difference for
the 1-mm cell was 0.672'C. In this case R is
roughly 25 times larger than for the 0.5-mm cell.
The data (curve b) are, at the beginning, similar
to those of curve a. We notice the rapid down-
ward movement, followed by the slow upward dis-
placement. The process goes on for a while, but
then, after roughly 90 min, convection sets in,
and after a heavily damped oscillating transient,
the concentration gradient in the midplane of the
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FIG. 2. Time evolution of 6(t) for a 0.7 j() mass frac-
tion aqueous solution of polyvinyl alcohol (highly poly-
disperse). Curve a, cell thickness 0.5 mm, ~T = 0.214
'C; curve b, cell thickness 1 mxn, ~T=0.672'C. Data
for curve a are presented on a time scale which has
been expanded by a factor of 4 (top scale).

cell is almost entirely destroyed by the convect-
ed flux.

We would like to thank F. T. Arecchi and V. De-
giorgio for stimulating discussions, M. Corti for
the light-scattering determination of diffusion co-
efficients, and G. Moraglio and M. Salmona for
the gift of macromolecular samples.

*Work supported by Comitato Nazionale per 1'Energia-
Centro Informazioni Studi Esperienze Contract No. 75.—
00036.

S. R. de Groot and P. Mazur, Non Equilibrium Ther-
modynamics (North-Holland, Amsterdam, 1962).

H. J. V. Tyrrel, LNffusion and Heat I'Ion in Liquids
(Butterworths, London, 1961).

K. E. Grew and T. L. Ibbs, Thermal Diffusion in
Gases (Cambridge Univ. Press, Cambridge, England,
1952).

This is a very incomplete list. See, for example,
A. H. Emery, Jr. , and H. G. Drickamer, J. Chem.
Phys. 28, 2252 (1955). For more recent work see, for
example, A. H. Emery, in Polymer Practionation, edit-
ed by M. J. R. Cantow (Academic, New York, 1967),
p. 181. Soret-type motion o f macromolecules of bio-
logical interest has been observed with thermogravita-
tional techniques: F. S. Gaeta and N. M. Cursio, J.
Polymer Sci. 7, 1697 (1969).

G. Meyerhoff and K. Nachtigall, J. Polymer Sci. 57,
227 (1962).

6M. Giglio and A. Vendramini, Phys. Rev. Lett. 34,
561 (1975).



VOLUME 38, NUMBER 1 PHYSICAL REVIEW LETTERS 3 JANUARY 1977

J.A. Bierlein, J. Chem. Phys. 28, 10 (1955).
K. E. Van Holde and R. L. Baldwin, J. Phys. Chem.

62, 7S4 (1958).
We want to remark that values for diffusion coeffi-

cients have already been obtained by means of the ther-
modiffusion technique in the case of mixtures of liquids
and solutions of electrolytes: see, for example, C. C.
Tanner, Trans. Faraday Soc. 49, 611 (1953); H. J. V.
Tyrrell, J. C. Firth, and M. Kennedy, J. Chem. Soc.
667, 8432 (1961); J. A. Bierlein, J. Chem. Phys. 86,
2798 (1962).

M. Corti, V. Degiorgio, M. Giglio, and A. Vendra-

mini to be published.
See, for example, C. Tanford, Physical Chemistry

of M«~oolecules (Wiley, New York, 1961).
See, for example, S. B. Dubin, J. H. Lunacek, and

G. B. Benedek, Proc. Nat. Acad. Sci. U. S. 57, 1164
(1967); H. Z. Cummins and H. L. Swinney, in I'~ogress
in Optics, edited by E. Wolf (North-Holland, Amster-
dam, 1970).

R. S. Schechter, I. Prigogine, and J, R. Hamm,
Phys. Fluids 15, 879 (1972).

M. G. Velarde and 8,. S. Schechter, Phys. Fluids 15,
1707 (1972).

pabdity of Using Lattice Statics at All Temperattires*

H. M. Gilder and P. Audit
Labo~atoixe des I'~op&etes Mechaniques et Thennodynamiques des Mate~iaux, Unite~site I'a~is-No~d,

Villetaneuse, Il~ance 93430
(Received 20 October 197&)

It is shown that zero-point and thermal vibrations change the vacancy formation volume
calculated from classical lattice statistics by usually no more than 10 3 at all tempera-
tures. In view of the recent interest in relating the temperature variation of the vacancy
formation volume to Arrhenius plot curvature, the validity of lattice statics, as a tool for
the calculation of temperature-dependent defect properties, is established.

As the name of the method implies, lattice stat-
ics (LS) is a technique used for calculating atom-
ic relaxation displacements due to the presence
of a defect in a nonvibrating, static lattice; that
is, the usual formulation of LS' ' calculates the
relaxation volume, hV~"", hence the defect (for
our purposes, the vacancy) volume of formation,
b V„""=0+LV~"" (0 is the atomic volume), at
O'K in the absence of zero-point vibrations.

It has recently been shown by Gilder and Laz-
arus~ that Arrhenius-plot curvature can be ex-
plained in terms of a vacancylike defect, in which
the anharmonicity of the lattice modes gives rise
to a large thermal coefficient of expansion asso-
ciated with the vacancy activation volume of dif-
fusion, hV =hV~+b, V„(hV„ is the vacancy mi-
gration volume). As their analysis is based on
the experimental result for zinc' and cadmium'
that the activated-vacancy thermal coefficient of
expansion P„=hV '(B'AV/aT)~=T '~ 15Po (po is
the thermal coefficient of expansion of the per-
fect lattice), the logical question that arises is
whether a calculation of the thermal coefficient
of expansion associated with the vacancy forma-
tion volume, p~=aV~ '(ab, V~/sT)~, in the ab-
sence of calculated or measured values of P„
(the thermal coefficient of expansion associated
with the vacancy migration volume), would yield
values comparable to the large experimental val-

ues of P„necessary to make their explanation
plausible from a theoretical point of view.

Since there are now, for the simple metals,
reliable pseudopotential-derived interionic po-
tentials which have an intrinsic temperature de-
pendence due to the variation of electronic charge
density with lattice parameter or temperature,
it is evident that a relaxation volume based on
such a potential would exhibit a temperature de-
pendence. But this volume would be the result,
at each temperature, of the transformation of a
portion of the discrete interionic, pairwise po-
tential energy of the crystal to continuous elas-
tic energy stored in the vacancy relaxation vol-
ume. However, we know that at all ternpera-
tures there exist both zero-point and thermal vi-
brations that can channel energy into the elastic
deformation that represents the vacancy relaxa-
tion volume. The obvious question, then, is
whether LS, in ignoring both zero-point and ther-
mal vibrations as possible sources of energy
available to the elastic deformation, introduces
negligible errors in the calculation of b, V„(T),
or whether these sources of energy change the
calculated value of bV„'"'(T) significantly.

It is the purpose, then, of this Letter to ex-
plore the influence of both zero-point and thermal
vibrations on the LS calculated value of b.V„(T).
We herein evaluate their contribution, AV~~, to
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