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over-all AJ/ should be less negative than in the 
case of a dipeptide. I t is unfruitful to a t t empt to 
argue these points in any more detail a t the present 
t ime. 

The chief significance of the result reported here 
is t h a t it constitutes further indication t ha t the heat 
of hydrolysis of a typical peptide bond in a protein 
is a smaller negative quant i ty than has usually been 

Introduction 
As Svedberg and Pedersen2 pointed out, the 

forces developed in modern ultracentrifuges cause 
sufficient compression of the liquid in ultracentri-
fuge cells to produce variations in both the density 
and viscosity of the liquid throughout the cell. 
These changes in viscosity and density must be 
considered in the quant i ta t ive evaluation of sedi­
mentat ion data since particles in different regions of 
the cell are subject to different forces as a result of 
the pressure gradient. For most systems, and 
especially those employing aqueous solvents, the 
density and viscosity variations are almost negli­
gibly small, bu t increasing use of ultracentrifugal 
techniques in recent years has encompassed sub­
stances for which these compression effects can be 
very important . 

Mosimann and Signer8 considered the effect of 
pressure on the viscosity of the organic solvent, 
acetone, which they employed in a study of the 
sedimentation of nitrocellulose. They cited data to 
show tha t the viscosity of acetone increased by 2 8 % 
from the meniscus to the bot tom of the cell and 
they made appropriate corrections to the sedimen­
tation velocity observed at different parts of the 
ultracentrifuge cell. From data on the compressi­
bility of acetone they showed, further, t ha t the 
buoyancy term in the Svedberg equation2 varied 
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only 2.4% throughout the cell due to the increase in 
density of the acetone under the same experimental 
conditions. 

In a recent study on polystyrene latex particles 
(PSL)4 in solvents of different densities we have 
observed tha t the effect of pressure on the buoyancy 
term is not negligibly small. In fact, the effect 
was sufficiently large to justify further s tudy of this 
problem, and this communication presents the 
results of this study. As we will show, the sedi­
mentat ion ra te of the PSL is markedly affected by 
the change in density of the solution due to com­
pression. Furthermore, the magnitude of the dif­
ferences in sedimentation rate in different parts of 
the cell can be used, under certain circumstances, 
to determine the compressibility of the sedimenting 
solute particles. Though the technique is, a t pres­
ent, limited to certain rather large particles, it is 
fundamentally a differential method, based on dif­
ferences in compressibility between solute and sol­
vent, and therefore capable of high accuracy. 

Materials and Methods 
The suspensions of PSL were the same as those used pre­

viously4 in studies on the validity of Stokes' law of sedimen­
tation and the Einstein viscosity equation. It appears that 
the PSL are rigid, impermeable spheres of diameter 2640 
A., and density 1.0520 g./cc. Sedimentation coefficients 
were determined from plots of the logarithm of boundary 
position, as distance x in cm. from the axis of rotation, 
versus time t in seconds. Boundary positions were deter­
mined, as before,4 by the change in blackening on the photo­
graphic plate. This change in blackening on the plate was 
generally very abrupt and was due to the variation in tur­
bidity in the region between solvent and solution. Because 
of the large size of the PSL the scattering of light by the 

(4) P. Y. Cheng and H. K. Schachman, J. Polymer Set., in press. 

[CONTRIBUTION FROM THE VIRUS LABORATORY, UNIVERSITY OF CALIFORNIA, BERKELEY] 

The Effect of Pressure on Sedimentation, and Compressibility Measurements in the 
Ultracentrifuge1 

B Y P. Y. C H E N G AND H. K. SCHACHMAN 

RECEIVED OCTOBER 18, 1954 

For most ultracentrifuge work the large pressures, which may amount to several hundred atmospheres, produced at the 
bottom of the centrifuge cells cause so little change in the physical properties of the solute or the solvent that the effect of 
pressure on ultracentrifugal analysis is almost negligible. If, however, the solvent has a density almost equal to that of the 
sedimenting particles, then the change in density of the solvent throughout the cell can cause marked variations in the ef­
fective centrifugal force on the particles in different regions of the cell. In studies on polystyrene latex particles in a solvent 
of almost equal density, the change in density of the solvent throughout the cell was sufficiently large to cause the particles 
to float in the high pressure part of the cell while the particles at the top of the cell were sedimenting. Thus sedimenting 
and floating boundaries could be obtained in a single run and the rate of movement of each boundary could be measured. 
The flotation rate of the particles in a D2O-H2O mixture was, however, much less than that expected from considerations 
based on the size and density of the particles and the compressibility of the solvent. From the difference between the ob­
served and expected flotation rates, the coefficient of compressibility of the particles was calculated and found to be in good 
agreement with other compressibility data on solid polystyrene. Other areas of ultracentrifugal analysis in which there is a 
significant pressure effect are discussed. The application of the ultracentrifuge to the measurement of the compressibility 
of solids is described. 
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solution was so great that the sections of the plate corre­
sponding to regions in the ultracentrifuge cell containing 
the PSL were underexposed and hence white on the original 
plates. The figures in this communication are photographic 
positives and, therefore, those regions in the cell which 
appear black show the presence of the scattering particles. 

In order to decrease the sedimentation rate of the PSL, 
D2O was added to make the density of the solvent very 
slightly less than 1.0520 g./cc. at atmospheric pressure. 
The solutions in some experiments also contained sodium 
chloride to a concentration of 0.1 molar. To study the 
sedimentation of the PSL in this medium the ultracentrifuge 
was operated at speeds between 12,590 and 23,150 r .p.m. 
Pictures taken at 2-minute intervals showed almost linear 
plots of log xvs.t for total boundary displacements of about 
0.15 cm. Sedimentation coefficients corresponding to zero 
time, or the meniscus in the cell, were then calculated from 
these data. These results correspond to pressures of one 
atmosphere. After about 20 minutes the ultracentrifuge 
rotor was rapidly accelerated to speeds of about 44,770 to 
52,640 r .p.m. and another boundary moving from the bot­
tom of the cell toward the axis of rotation was then followed 
for a period of about 10 minutes. Again plots of log x vs. t 
were constructed, and the slopes of these curves, which were 
linear for only a small range of distances, were obtained at a 
position corresponding to the bottom of the cell. In this 
way, the negative sedimentation rate corresponding to 
pressures in the neighborhood of 200 atmospheres were ob­
tained in the same ultracentrifuge studies. 

The entire ultracentrifuge run consumed a period of less 
than one hour, and the heating of the rotor was only about 
0.5°. However, the rotor cools due to stretching at high 
speeds, as shown by Waugh and Yphantis,5 and appropriate 
corrections were made for this effect. 

Theory.—If a given mass m of material occupies a 
volume Vo at atmospheric pressure Po and the vol­
ume becomes v at a pressure P, we can write 

PO Z 1 V 

" " 1 - /J(P - Po) ( 1 ) 

where p and po are the densities of the material at 
the pressures, P and P0, respectively, and /S is the 
coefficient of compressibility defined in the usual 
manner. Now considering a solution of two com­
ponents with solute denoted by the superscript, p, 
and solvent with the superscript, s, we can write 
for the relative compressibility 

/J- _ P8 - PO« X P" ^ 

Under the experimental conditions chosen for this 
work, the solvent has a density very close to that 
of the solute (ps — pp < 0.005), and equation 2 re­
duces to 

/3» _ p" - pp" . . 

/3. ~ P3 - P? { > 

For spherical particles of radius r and density, pp, 
Stokes' law can be written 

I 7rr3(pP - ps) = QTTI1TS (4) 

where 17 is the viscosity of the solvent and s is the 
sedimentation coefficient of the particles. Equation 
4 can be rearranged to yield 

pp _ p" = kvs(p')'/' (4a) 

where k is equal to (162)'/'^'/M^' and M is the 
mass of a particle. We can also write an equation 
similar to 4a for conditions at atmospheric pressure 
and subtract the latter from 4a to give 

P" - POP = PS - PO" + h[vs(p»)*/> - »MJO(POP)V>] (5) 

(5) D. F. Waugh and D. A, Yphantis, Rev. Sci. Inslr., 23, 609 
(1952). 

Since the compressibilities of solids are quite small, 
pp will be almost equal to pop and there will be 
only a small error in writing equation 5 as 

p" - p»p = p" - po' + k{p<?y/'[ns - noso] (5a) 

Combinations of equations 3 and 5a leads directly 
to the final equation 

j , = 1 + k(po*y/ivs - VoSo)Z(P" - Po') (6) 

Thus, the determination of the compressibility of a 
substance involves measurements of the sedimenta­
tion rate of the particles at two different pressures 
in a solvent of approximately equal density, and a 
knowledge of the compressibility, density and vis­
cosity of the solvent at the two pressures, as well 
as the density of the particles at one of the pres­
sures. 

Results 
Figure 1 shows representative ultracentrifuge 

patterns from a study demonstrating the effect of 
compressibility of the liquid on the sedimentation of 
PSL. The first two pictures at 16,200 r.p.m. show 
the movement of the boundary toward the right, 
the centrifugal direction, due to the sedimentation 
of the particles which are slightly more dense than 
the medium. Upon acceleration of the ultracentri­
fuge to 44,770 r.p.m. this boundary first moved 
more rapidly and then at a continuously decreasing 
velocity until the sedimentation velocity ap­
proached zero. This follows, of course, since the 
particles are entering regions of steadily increasing 
pressure, and hence they reach a point at which 
the density of the liquid equals the density of the 
PSL. At the same time, a second boundary 
appeared at the bottom of the cell, as shown in Fig. 
1, at a speed of 44,770 r.p.m. and the boundary 
moved toward the left, in a centripetal direction, 
due to flotation of the PSL in a region of the cell in 
which the particles are less dense than the medium. 
Fig. 1 shows, therefore, that it is possible to obtain 
both a sedimenting and a floating boundary in a 
single ultracentrifuge experiment. In order to dem­
onstrate that the flotation of the PSL in the bottom 
of the centrifuge cell was due to the pressure gradi­
ent and not to variations in density of the solvent 
caused by a preferential concentration of D2O near 

SEDIMENTATION AND FLOTATION OF PSL IN D2O-H2O M I X ­

TURE 

•IMililU 
M[ B M [B M| B t/ |8 M B ill B 

14 min. 36 2 min. 8 2-min.-8 2-m!n.-8 
16,200 r.p.m. 44,770 r.p.m. 35,000r.p.m. lS.OOOr.p.m. 

Fig. 1.—Ultracentrifuge patterns of the sedimentation and 
flotation of polystyrene latex particles in a D2O-H2O solu­
tion. Sedimentation is to the right and flotation to the left. 
The arrows marked M and B refer, respectively, to the liquid 
meniscus and the bottom of the ultracentrifuge cell. Pic­
tures are photographic positives and the dark regions in cell 
result from scattering of light by the particles. From left 
to right the pictures correspond to 14 and 36 min. at 16,200 
r.p.m., 2 and 8 min. at 44,770, 35,000 and 15,000 r.p.m., re­
spectively. 
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wlowj 
r.p.m. 
10 -» 
12.6 
23.2 
16.2 

-STmen, 
cm. 

5.88 
5.92 
5.84 

Smen, 
S 

61.7 
57.8 
64.7 

whigh, 
r.p.m. 
X 10-s 

47.7 
52.6 
44.7 

#hot, 
cm. 

7.06 
7.08 
7.22 

TABLE I 

Sbr>t, 
S 

- 2 4 . 0 
- 4 1 . 3 
- 4 8 . 9 

P - Po, 
atm. 

197 
242 
205 

p s o l . — 
P0SOl,o 
g./cc. 

0.0081 
.0099 
.0085 

V, 

poise 

0.0105 
.0099 
.0097 

flsol* 
X 10« 

atm. - 1 

39.2 
39.2 
39.2 

gpart 

X 10« atm. 

28 
28 
20 

" In the calculations of the compressibility according to equation 6 we have assumed that the coefficient of compressibility 
of the D2O-H2O-NaCl solution is the same as that of the H2O-NaCl solution. Justification for this assumption stems from 
results of comparative measurements of the compressibilities of the solvents directly in the ultracentrifuge cells. From pic­
tures at low and high speeds we are able to measure the movement of the liquid meniscus upon raising the speed of the rotor. 
The movement of the meniscus can be attributed to three causes. First of all, the rotor stretches at the higher speed but 
this can be accounted for by the movement of reference marks on each picture, which result from two holes in the balance 
cell at a fixed distance from the axis of rotation. Secondly, the liquid is compressed and the expected fractional decrease in 
volume is about 1.3%. Thirdly, the cells distort due to bulging of the windows so that the cross-sectional area does not re­
main constant. This leads, of course, to a movement of the meniscus which makes the apparent compressibility of the liquid 
greater than the true compressibility. In measurements with water in the ultracentrifuge cell, the apparent decrease in 
volume upon acceleration of the rotor was 1.5 per cent, whereas calculations from the coefficient of compressibility indicate 
that the decrease in volume should be 1.3%. I t was found, moreover, that the observed result was reproducible; i.e., the 
distortion of the cell leading to the discrepancy between the observed and calculated decrease in volume was relatively con­
stant in different runs. When D2O-HzO mixtures were studied in this way the fractional decrease in volume was the same 
as that observed for H2O. Though this is not a precise method for measuring compressibilities of liquids, reasonably reliable 
results can be obtained if the same ultracentrifuge cell is used for both the unknown and the comparison standard and if the 
two liquids for comparison are not too different in density. b This value for the compressibility of water was obtained from 
Bridgman's value6 after modification for the effect of sodium chloride. Bridgman's value, 39.6 X 10 ~6, for /3 was obtained 
over the pressure range 0 to 970 atm. and at a temperature of 22 °. From extrapolation of the data of Pohl7 on the compressi­
bility of salt solutions relative to water, we estimate that 0.1 M sodium chloride has a compressibility equal to 0.99 that of 
water. 

the bottom of the cell, pictures were taken while 
the rotor was decelerated to low speed. Since the 
particles which had been floating in the high pres­
sure region of the cell began to sediment, Fig. I1 
when the pressure gradient was reduced, we can 
conclude that it was the increase in density of the 
solvent due to compression rather than a change in 
composition of the solvent which caused the origi­
nal flotation. Furthermore, the optical system at 
high sensitivity indicated that there was no redis­
tribution of the D2O in the centrifuge cell. Table I 
shows the results of the calculation of the compress­
ibility of PSL according to equation 6. I t should 
be noted that the variation of viscosity of aqueous 
solutions with pressure is small enough to be con­
sidered negligible. 

The value 28 X 1O-6 a tm. - 1 for the compressi­
bility compares favorably with the values, 22 X 
1O-6 atm. - 1 , obtained by Spencer and Gilmore8 for 
a commercial polystyrene sample, and 17 X 1O-6 

a tm. - 1 obtained by Bridgman9 for another sample 
of commercial polystyrene. As a method to deter­
mine the difference in compressibility between a 
solute and solvent this ultracentrifugal technique is 
very reliable. I t should be noted that the presence 
of the sodium chloride in some of these experiments 
may lead to a slight error in the measurement of 
the compressibility of the solute. At the high cen­
trifugal fields used to measure the flotation rate of 
the PSL there is some redistribution of the sodium 
chloride in the ultracentrifuge cell. As a conse­
quence, the concentration of the sodium chloride 
at the bottom of the cell will be slightly greater than 
0.1 molar and the density of the solvent will be 
affected accordingly. Neglect of this redistribution 
of the sodium chloride causes the value of the com-

(6) P. W. Bridgman, Landolt-Bfirnstein, Phys-chem. Tabel., 1, 98 
(1923). 

(7) Pohl, ibid., 1, 98 (1923). 
(8) R. S. Spencer and G. D. Gilmore, J. Appl. Phys., 20, 502 

(1949). 
(9) P. W. Bridgman, Proc. Amer. Acad Arts and Sri., 76, 5587 

(1948). 

pressibility calculated from equation 6 to be smaller 
than the true value. This error is small since there 
is only a slight enhancement of the concentration of 
sodium chloride at the bottom of the cell in the ex­
periments described above. The redistribution of 
low molecular weight substances like sodium chlo­
ride or sucrose can, in fact, be studied by using the 
PSL as an indicator of the density in the ultracen­
trifuge cell.10 For accurate measurement of the 
compressibility of PSL the solvent should be com­
posed of D2O-H2O mixtures without any additional 
low molecular weight materials. 

Discussion 

Such pressure effects on sedimentation as that 
described in this communication are, of course, 
unusual; but it is important to examine other areas 
of ultracentrifugal analysis for the possible compli­
cating effects of density changes throughout the 
cell. 

For organic solvents which generally have coef­
ficients of compressibility greater than that of wa­
ter, the increase in density through the cell can 
cause a marked variation in sedimentation rate as 
the boundary moves through the cell. Although 
Mosimann and Signer3 showed that this amounted 
to only a 2.4% correction in the sedimentation of 
nitrocellulose in acetone, this small effect is, in some 
respects, not typical of the sedimentation of syn­
thetic high polymers in organic solvents. The recip­
rocal partial specific volume of nitrocellulose is 
much larger than the density of acetone; arid, 
therefore, the buoyancy term, 1 — Vp, where V is 
the partial specific volume of the solute and p is the 
density of the solvent, will be very different from 
zero. Variations in p throughout the cell due to 
compression of the liquid will thus have little in­
fluence on the buoyancy term which is one of the 
factors governing the rate of sedimentation of the 

(10) P. Y. Cheng and H. K. Schachman, Abstracts, 12fith annual 
meeting, American Chemical Society, Sept., 1954. 
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macro molecules. Other polymer systems11 might 
very well have values of 1/ V close to that of p and, as 
a consequence, the density change due to com­
pression could cause an appreciable change in sedi­
mentation rate during the run. 

In the study of lipoproteins in salt solutions of 
density sufficiently high to cause flotation, the 
change in density of the solvent may have a marked 
effect on the sedimentation rate during a single run. 
This could complicate analysis of complex mixtures 
of lipoproteins considerably because of concomitant 
changes in the Johnston-Ogston effect.12'13 With 
some of the lipoproteins the buoyancy term at at­
mospheric pressure is about —0.02 and variations 
in sedimentation coefficient during a run may 
amount to 30% due to compression of the solvent. 

Sedimentation studies of other macromolecules 
in solutions of high density may also involve com­
plications resulting from the increase in density of 
the liquid due to compression. This is most clearly 
indicated in the studies of Lauffer and co-workers14 

on the sedimentation of southern bean mosaic virus 
in solutions containing high concentrations of su­
crose. At sucrose concentrations below 70% by 
weight the virus sediments, and sedimentation 
rates at the meniscus can be obtained. If the su­
crose concentration is increased still further, the 
density of the solution becomes so high that the 
virus floats and negative sedimentation rates can be 
obtained from the movement of the boundary 
near the bottom of the cell where the pressure is 
several hundred atmospheres. Since the flotation 
data in their figure are plotted with densities cor­
responding to atmospheric pressure rather than the 
pressures operative under the experimental condi­
tions, it seems as if the density value extrapolated 
from the flotation data to a value corresponding to 
zero flotation rate is higher than the corresponding 
extrapolated value from the sedimentation data. 
This would suggest that the virus particles were 
compressed under the high pressures at the bottom 
of the cell. Calculations of the compressibility of 
the particles cannot be made readily from these 
data since some of the runs were made using a bound­
ary forming technique and the positions of the 
boundaries are not given. Furthermore, in these 
experiments there is a large redistribution of the 
sucrose molecules during the ultracentrifuge runs 
and the values of the density of the solution at dif­
ferent parts of the cell is uncertain. 

(11) L. Mandelkern, W. R. Krigbaum, H. A. Scheraga and P. J. 
Flory, J\ Chem. Phys., 20, 1392 (1952). 

(12) J. P. Johnston and A. G. Ogston, Trans. Faraday Soc, 42, 186 
(1946). 

(13) J. W. Gofman, F. T. Lindgren and H. Elliott, / . Biol. Chem. 
179, 973 (1949). 

(14) M. A. Laufler, N. W. Taylor and C. C. Wunder, Arch. Biochem. 
Biophys., 40, 453 (1952). 

A slight modification of this ultracentrifugal 
method might be useful for the determination of 
the compressibility of solids. If a small amount of 
finely ground solid is suspended in a solvent in 
which the solid is insoluble, the solid would tend 
to sediment in a centrifuge until it reached an 
equilibrium position at which the densities of the 
solid and solvent are equal. From the known 
density of the solvent at atmospheric pressure, the 
compressibility of the solvent, the speed of the 
centrifuge and the position in the cell, the density of 
the solvent at the equilibrium position could be cal­
culated. Changing the speed of the centrifuge 
should cause the solid to move to another equilib­
rium position, and from measurements of the 
equilibrium positions at different speeds, or dif­
ferent pressures, the coefficient of compressibility 
of the solid could be calculated. This method is, to 
some extent, different from that described earlier 
in this communication, since it is based on the po­
sition of the particles at equilibrium rather than the 
velocity of the particles as indicated by the moving 
boundary. In many respects it is similar to the 
density gradient technique of Linderstr0m-Lang15 

which is used for the accurate determination of 
the densities of microdrops of liquids. In the ultra-
centrifugal technique the density gradient comes 
about as a result of the compression of the liquid. 
The main virtue of the technique stems from its 
differential nature, and it is probable that the ac­
curacy in the determination of the compressibility 
of the solid would be limited by knowledge of the 
compressibility of the solvent in which it is sus­
pended. 

From the sharpness of the boundaries in the ex­
periments illustrated by Fig. 1, we can conclude 
that the particles are homogeneous with respect to 
density. If there are differences in density among 
the particles, these differences would be exagger­
ated, in so far as the sedimentation rate is con­
cerned, by reducing the average density difference 
between the particles and the solvent to a small 
value. When the average difference in density be­
tween particles and solvent is 0.052 g./cc, varia­
tions in particle density of 0.01% lead to differ­
ences of only 0.2% in sedimentation rate. If D2O is 
added to the solvent so the average net density 
difference is 0.001 g./cc. then the same distribu­
tion in density of the particles leads to a 10% 
variation in sedimentation rate. Thus the ultra-

' centrifuge, under certain circumstances, can be 
used to study the homogeneity of a solute with 
respect to density. 

BERKELEY, CALIFORNIA 

(15) K. Linderstr0m-Lang and H. Lanz, Jr., Compt. rend. Lab. 
Carlsberg, 21, 315 (1938). 


