the quantity AS ,AT is maximum. The RC values computed by the Wood and Potter
method are shown in Fig. 4 as the rectangular areas overlapping and extending outside the
shaded areas.
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Evidence for a macroscopic electric
field in the sedimentation profiles of
charged colloids
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The determination of molecular masses from barometric sedi-
mentation profiles, a main topic in ultracentrifugal analysis, is
thought to be quantitatively correct for non-interacting par-
ticles”. Whereas this expectation is justified for uncharged
colloids or macromolecules at low volume fractions, early ultra-
centrifugation studies® on charged particles had already indi-
cated that the obtained masses might be much too low. More
recently, expanded sedimentation profiles have been observed for
charged particles*’, sometimes inflated by orders of magnitude’
relative to the barometric prediction, which highlights a short-

NATURE | VOL 429 | 24 JUNE 2004 | www.nature.com/nature

©2004 Nature Publishing Group

letters to nature

coming in our understanding of centrifugation of even very
dilute charged species’. Theory® and simulations’, anticipated
by various authors*®’, now propose that strongly non-baro-
metric sedimentation profiles might be caused by an internal
macroscopic electric field that, even for non-interacting particles,
significantly decreases the buoyant particle mass. The existence
of this field and its intriguing consequences still lack experimen-
tal verification. Here we report ultracentrifugation experiments
on charged colloidal silica spheres, showing both the existence of
such a macroscopic electric field and its drastic effects on the
sedimentation profiles of very dilute dispersions at low ionic
strength.

Centrifugation is an indispensable technique for separating and
analysing cells, organelles and macromolecules'?, as well as col-
loids'. A classical example is the centrifugation of DNA fragments
in salt gradients, which confirmed the Watson—Crick model for
DNA replication'""?. Absolute molecular masses can be determined
directly under non-denaturating conditions from sedimentation—
diffusion (SD) concentration profiles, a method reported to be
rigorous’. The method assumes that, for sedimentation under
gravity, the particle number density p(x) at an altitude x in the
SD profile follows from a Boltzmann distribution and has the form

In(p(x)) o< —x/L (D

In this ‘barometric’ profile, L = kpT/(mg) is the gravitational length
for particles with buoyant mass m1, T'is the absolute temperature, k
is the Boltzmann constant and g is the gravitational acceleration. It is
generally assumed'® that non-interacting particles will adopt such a
barometric profile and that, consequently, sufficiently low concen-
trations ensure the validity of equation (1). Here, however, we
report SD profiles of very dilute charged colloids that strongly
deviate from the barometric distribution (equation (1)) owing to an
electric field, which has only recently®”'* been clearly identified as
an important factor in the centrifugation of charged species.

Non-barometric behaviour due to an electric field is predicted to
occur at sufficiently low ionic strength®, and therefore we have
studied the ultracentrifugation of well-defined, charged silica
spheres (Table 1) in ethanol. This solvent is suitable because of its
inherent low ionic strength and its ability to disperse charged silica
spheres to non-aggregated ‘alcosols’ with practically unlimited
colloidal stability>'*'>. We found that the centrifugated silica
spheres form reproducible SD profiles that can be scanned with
high spatial resolution (Fig. 1; see Methods section). SD profiles
were studied for initial silica volume fractions down to 0.01% to
minimize the effect of inter-particle interactions. We verified that
the barometric part (region I; see below) of SD profiles yields a
correct colloid radius: for a silica mass density of 1.6gcm >
(Table 1), the measured centrifugal lengths correspond to a radius
of 19.2 nm, which lies within the radius distribution determined
from electron microscopy (Table 1). We also verified that uncharged
silica spheres dispersed in cyclohexane yield the expected baro-
metric profiles. However, for charged silica spheres all our exper-
imental SD profiles, with a representative selection in Fig. 1, deviate
drastically from the barometric distribution.

These deviations are due to a macroscopic electric field in the SD
profile, that is, a gradient in an equilibrium electrical potential,

Table 1 Properties of silica spheres (Labcode SiA) dispersed in ethanol
R (nm) o (%) Ry (nm)

5(gem™®) umemV 's™h z

21.9 11.6 30.0 1.6 £ 0.1 —0.95 + 0.05 =50

Rand o areradius and polydispersity, respectively, from transmission electron microscopy; Ry, is
the radius from dynamic light scattering; 6 is the mass density from ref. 14; u is the
electrophoretic mobility for silica volume fractions in the range 0.01-0.3%; z is the number of
elementary charges on silica particles, determined from electrophoretic mobility. Errors are
*s.d.
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unrelated to the more familiar non-equilibrium streaming poten-

weightless counterions attempt to achieve a homogeneous distri-
bution in a sedimentation cell to maximize their entropy, whereas
the heavy colloids accumulate near the cell bottom to minimize
their gravitational potential energy. Electroneutrality, as has been
pointed out®, couples the two tendencies, causing an ‘entropic lift’
for the colloids, that is, an effective increase in their thermal energy
corresponding to a decrease in the apparent colloid mass, which
inflates the SD profile. The effect of added salt is to reduce the
entropic lift or, equivalently, to weaken the electric field: when
counterions diffuse upwards in a salt-free dispersion, only colloids
are available as anionic chaperons to maintain electroneutrality.
However, at higher ionic strength, molecular anions also accom-
pany counterions, whereas at excess salt, charge separation is
suppressed and the electric field vanishes.

To quantify this qualitative explanation and analyse the non-
barometric SD profiles (Fig. 1) we extend equation (1) with an
electrical term. The resulting non-barometric formula also follows

00.015%
@ 0.06%
0 0.20%
A 0.30%
Y 0.48%

0.1

Attenuance

0.014

m No salt added
© 0.035 mM
A 0.071 mM
v 0.1773 mM
% 0.350 MM

Attenuance

0.1+

r2 (cm?)

Figure 1 Experimental sedimentation—diffusion equilibrium profiles for dispersions of
charged silica spheres in ethanol plotted as attenuance against the square of the radial
distance from the centre of rotation. a, Representative profiles for dispersions having
different initial volume fractions, with no added salt. Increase in the (very low) initial silica
volume fraction significantly expands the exponential decay Il as a consequence of the
colloidal charge. b, Representative profiles for dispersions having a fixed initial silica
volume fraction of 0.30%, at different salt concentrations. Increasing added amounts of
LiINO3 gradually compress the profile towards the barometric distribution I.
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tials or sedimentation potentials'® generated by solvent motion
relative to the colloids. The equilibrium field can be understood as a
consequence of the huge mass difference between the (in our case
negative) colloids and their positive counterions®. The practically

from the classical Donnan membrane equilibrium for an inhom-
ogenous colloidal solution™"’. Here we give an equivalent but more
concise derivation. Consider a mixture of three species: colloids
with charge z and number density p, monovalent cations with
concentration ¢, and monovalent anions with concentration c_.
The dispersion is in thermodynamic equilibrium with an external
salt reservoir with a total ion concentration of 2¢,. The essential
assumptions are that each separate species behaves ideally and
that the three species jointly satisfy charge neutrality. For non-
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Figure 2 Analysis of the experimental profiles from Fig. 1a. a, An example of a nearly
perfect quadratic fit to the data extracted from region Il of the 0.30% sample, which clearly
confirms the peculiar decay predicted for region Il (see the text and Methods). b, An
example of a nearly perfect exponential fit to the data extracted from region lll of the same
sample, resulting in a different centrifugal length from that of region I. ¢, Non-dimensional
electrical potential times z plotted against the radial distance for three initial volume
fractions of particles.
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interacting, weightless ions, thermodynamic equilibrium requires
the gradient in their osmotic pressure to balance the force (per
volume) exerted on the ions by the internal electric field E:

—kpT(dc+/dx) £ ecxE=0 )

Here e is the proton charge; the electrostatic potential ¥ follows
from E = —dy/dx. The boundary condition on equation (2) is that
¢4 = ¢c_ = ¢, in the reservoir where { = 0. For the much heavier
colloids the equilibrium condition contains the gravitational force
per volume:

—kgT(dp/dx) — zepE — mpg =0 3)

again assuming non-interacting particles. The electric field term
always accompanies the gravitational field term and vanishes only if
gravity is switched off. To find the non-barometric SD profile from
equation (3) one more equation is needed, for which we use here the
macroscopic neutrality condition

—zp+cy —c-=0 (4)

Integrating equation (2) yields the ion concentration profiles ¢, and
¢ _. Substituting them in equation (4) and combining the result with
equation (3) finally yields the SD profile

In(y) + zarcsinh(y) = —(x/L)+ C (5)

Here y = zp/(2c,) is a non-dimensional number density of colloids
and C is an integration constant determined by the total number of
colloids". The reduced electrical potential ¢ = ey/(kyT) is, accord-
ing to equation (4), given by ¢ = —arcsinh(y). The difference
between the profiles in equations (1) and (5) is not merely adding
the electrical work term; there is always an electrical field E opposing
gravity whenever z > 0 (for explicit expressions of E see ref. 13). The
homogeneous electric field E in regions II and III (see below) is
expected to have a strength of order E = mg/(ez). These two regions
can be regarded as a macroscopic condenser®" resulting from the
charge separation that produces the equilibrium macroscopic field.
Note that equations (1) and (5) are one-dimensional SD profiles in
the gravitational field; for profiles in the radial field of an ultra-
centrifuge see Methods. For zy << 1 (region I), equation (5)
asymptotes to the barometric exponential (equation (1)), whereas
for y > 1 (region III) the profile also decays exponentially, as
In(y) ~ — x/((z+ 1)L), but with an inflated gravitational length of
(z+ 1)L corresponding to a strongly reduced effective mass. Our
experiments (Fig. 1) clearly show both exponential regions in one
and the same SD profile. Moreover, when salt is added to decrease
the average value of y, the barometric region I grows at the expense
of region III, which eventually disappears (Fig. 1b). This marked salt
effect confirms equation (5) and previous calculations®. Note that in
Fig. 1b only little salt is needed to change SD profiles substantially.
Without added salt, incidentally, the ion concentration, estimated
from electrical conductivity measurements, is only of the order of
107> M, corresponding to a Debye screening length of about 30 nm.

In addition to the two exponential regions, a linear concentration
decay is predicted® in an intermediate region II, characterized by a
low colloid density (y << 1) and a high counterion density
(zy > 1), inequalities for which equation (5) indeed yields the
linear asymptote: arcsinh(y) ~ y =1 — x/(zL) (in the centrifugal
field this decay is quadratic; see Methods). This most unusual SD

Table 2 Results of fit analysis of profiles presented in Fig. 1a

Volume fraction (%) L, (cm) Zy Zn
0.06 0.37 45 4
0.20 0.39 55 4
0.30 0.39 65 5
0.48 0.37 80 8

L, is the centrifugal length, determined from region |; z; is the number of elementary charges
on particles, determined from region II; zy, is the number of elementary charges on particles,
determined from region Ill.
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profile, ascribed to a near cancellation of gravity by the electric
field®, is quite narrow unless z is very large. The silica sphere charge
is only z = 50 (see Methods), but owing to the high resolution in
our SD profiles a zoom-in (Fig. 2a) nevertheless clearly reveals the
region II.

Equation (5) implies a significant rescaling of SD profiles, by
extracting the barometric part (region I) from the experimental SD
profiles to obtain z¢ as a function of altitude. The results (Fig. 2¢)
show unambiguously the presence of a macroscopic electric field in
a substantial part of SD profiles. The electrical potential decreases
with the radial distance r and flattens on entering region I towards
the constant electrical potential of the background electrolyte
depleted of colloids. The largest overall potential jump in Fig. 2¢
is about 8 mV for z = 50, which agrees in order of magnitude with
electrochemical Donnan potential measurements on silica disper-
sions in ethanol, with comparable differences in concentrations as
in the SD profiles (B. Erné, unpublished observations). The slope
zd¢/dr in Fig. 2¢ is proportional to the electrical force on colloids,
which indeed almost compensates for the buoyant mass: for our
silica spheres, the experimental slope (46.6 cm™ ') corresponds to a
ratio of the electric force zeE to the centrifugal force mewr very close
to unity. Note that for this calculation we do not need the value of z.

The applicability of equation (5) is noteworthy because it
disregards all colloid—colloid and ion—ion correlations as well as
electrical potential variations on the scale of colloids and ions. One
would expect deficiencies in this model to show up in the more
concentrated part of the profile (region III). We found for some of
the profiles in Fig. 1a that the exponential decay in region III extends
over a wider spatial range than predicted by equation (5). Moreover,
a fit to region III (Fig. 2b) using the appropriate radial SD profile
(see Methods) yields z = 4-8 (Table 2). These values of z are low in
comparison with values estimated from region II (Table 2) and
electrophoresis (Table 1), which agree very well at lower volume
fractions. Clearly, an extension of the theory beyond equation (5) is
needed to further clarify the SD profiles at low altitude. This
extension does not necessarily involve colloidal interactions
(which might contribute to non-barometric behaviour): in our
SD profiles these interactions have a much smaller effect than the
electric field. We verified this by numerical calculations of the
osmotic second virial coefficient for colloids interacting by means
of an electrical double-layer repulsion®': for concentrations in
region III, the first-order correction in the virial expansion of the
osmotic pressure is much smaller than the total pressure exerted by
non-interacting colloids and their counterions. This confirms that
also in region III the electric field is the dominant cause of non-
barometric behaviour.

Thus, we have experimentally demonstrated the existence of a
macroscopic electric field, producing strongly non-barometric SD
profiles of charged colloids. The unusual shape of experimental SD
profiles and the marked effect of added salt validate equation (5),
which is based only on the assumptions of ideal species and charge
neutrality. This simple model, which explains our results surpris-
ingly well, nevertheless needs extension to quantify region III better.
Although our experiments relate to charged silica spheres, it is clear
that non-barometric behaviour can occur for any type of sediment-
ing charged species. In this respect it should be noted that the mass
determination of biomolecules by centrifugal analysis at excess salt,
to suppress charge effects, certainly makes sense in the light of our
findings. However, our work shows clearly that an excess of salt also
suppresses important information on the electrical properties of
macromolecules: centrifugal analysis of polyelectrolytes at low salt
concentration still provides the molecular mass (region I), but in
principle also yields their valency and the macroscopic electrostatic
potential that they generate in solution. It would be interesting to
(re)examine the sedimentation of polyelectrolytes such as DNA or
proteins from this perspective. O
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Methods

Silica dispersions

Amorphous silica spheres (Table 1) were synthesized by polymerization of (hydrolysed)

tetraethoxysilane in an ethanol-ammonia mixture'*". The silica surface was modified by
covalent reaction with 3-methacryloxypropyltrimethoxysilane (TPM) during distillation,
simultaneously transferring the silica spheres to absolute (analytical grade) ethanol. The
stock dispersion for the ultracentrifugation experiments was free from contaminants such
as polymeric species or secondary silica particles, which might have affected SD profiles’.
TPM-coated silica spheres do not aggregate in ethanol and are well documented model

particles for the study of charge-stabilized colloids''®. Particle characterization (Table 1)
was performed on the same samples as used for ultracentrifugation.

Ultracentrifugation

Ultracentrifugation was performed with a Beckman Optima XL-A analytical
ultracentrifuge, in accordance with the manufacturer’s instruction manual, in sector-
shaped sedimentation cells thermostatically controlled at 298 K. The optical system
measures the transmittance, H, of the sample against a reference of pure ethanol or salt
solution and the results are converted to the attenuance A = In(1/H) as plotted in Fig. 1.
The attenuance is linearly proportional to the number density of silica particles up to a
silica volume fraction of 2.5%, as checked with light attenuation (extinction)
measurements. A silica sphere radius of about 22 nm was convenient for achieving profiles
of sufficient thickness, which nevertheless decay fully within the available (radial) space to
the solvent depleted of particles (within the limits of the sensitivity of the instrument). SD
equilibrium was achieved on a time scale of up to 7 days at low rotor speeds (1100 r.p.m.,
corresponding to an acceleration of 88 ¢ in the centre of the cell). Homogenization and
recentrifugation of the same cell content reproduced the SD profiles very well, which also
confirms that the silica spheres do not aggregate in the centrifugal field. The radial
centrifugal field requires a modification of equation (5):

In(y) + zarcsinh(y) = (* — r2)/(2L%) + C (6)

Here r is the radial distance from the rotor axis, ry, denotes the cell bottom and L, is the
centrifugal length. The three regions are now characterized by the following equations:
In(y) ~ C, + (r* = r1)/(2L2) (region 1), y ~ C, + ¢,(r* — r1)/(z°L%) (region II) and
Iny ~ C5 + (r* = r)I[2(z 4+ 1)L2) (region III), where r is the crossover between the
first two regions. SD profiles were always fitted with these quadratic arguments, although
the experimental profiles are narrow so that they are very close to those formed in
gravitational field (see, for example, Fig. 2a). For the radial electric field corresponding to
equation (6) see ref. 13. The initial volume fractions of the homogeneous samples
subjected to ultracentrifugation varied from 0.01% to 0.5%; after the SD equilibrium was
reached, the altitude-dependent volume fraction of particles shows, at the bottom of
profiles, values 7-fold down to 4-fold the initial values, respectively.

Electrophoretic mobility and electrical conductivity

Electrophoretic mobility and electrical conductivity were measured with a DELSA 440SX
(Coulter) at 298 K for all samples. The mobility was determined from a Lorentzian fit to
the measured peaks at four scattering angles and was further used to estimate the charge z
of the particles in the frame of the Debye—Hiickel model with a previously reported
method". Conductivities obtained from the DELSA were used to estimate the ion particle
number density by the method of ref. 17. We found a negligible dependence of the mobility
on sample volume fraction; that is, the measured values for all samples were

—0.95 = 0.5pmemV 's™! (mean * s.d.). The conductivity increased weakly with the

volume fraction of particles, being in the range 1.4-2.9 pScm ™.
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Much of global gold production has come from deposits with
uneconomic concentrations of base metals, such as copper, lead
and zinc'. These ‘gold-only’ deposits are thought to have formed
from hot, aqueous fluids rich in carbon dioxide?, but only minor
significance has been attached to the role of the CO, in the
process of gold transport. This is because chemical bonding
between gold ions and CO, species is not strong’, and so it is
unlikely that CO, has a direct role in gold transport. An
alternative indirect role for CO, as a weak acid that buffers pH
has also appeared unlikely, because previously inferred pH values
for such gold-bearing fluids are variable>*>°. Here we show that
such calculated pH values are unlikely to record conditions of
gold transport, and propose that CO, may play a critical role
during gold transport by buffering the fluid in a pH range where
elevated gold concentration can be maintained by complexation
with reduced sulphur. Our conclusions, which are supported by
geochemical modelling, may provide a platform for new gold
exploration methods.

The world’s major gold-only deposits have formed by precipi-
tation of gold from aqueous fluids migrating on a kilometre-scale
through the bedrock that comprises the upper part of the Earth’s
crust. These fluids show a remarkably consistent set of character-
istics. They are at temperatures above 200 °C, rich in CO, (up to 20—
30 mol%; Table 1), sulphur-bearing, low salinity compared to most
ore-bearing fluids, and have a redox state more reducing than the
haematite—magnetite buffer such that the sulphur is predominantly
in the reduced state'. These characteristics have been confirmed (by
techniques including fluid-inclusion and stable-isotope analyses)
for deposit types that account for the bulk of the world’s
gold production, both today and historically—for example,
Archaean greenstone gold®’, slate-belt gold®, the Mother Lode of
California®, gold in banded iron formations?, Carlin-type gold® and
the Witwatersrand goldfields™'.

With the exception of the high CO, concentrations, these shared
fluid characteristics can be explained by the chemical attributes of
the dissolved gold. The somewhat reducing fluids and elevated
temperatures favour the ionic state of Au™ for the gold in solution®.
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