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Anomalous long-range repulsion between silica 
surfaces induced by density inhomogeneities in 
supercritical ethanol 

Sada-atsu Mukai,a,b Takehito Koyama,a,† Kaoru Tsujiic and Shigeru Deguchia 

Anomalous long-range repulsion, extending over several micrometres, appears between 
silica surfaces at around the ridge of density fluctuations in supercritical ethanol at 
temperatures and pressures near the gas/liquid critical point (Tc = 241 ºC, Pc = 6.14 MPa). 
Analysis shows that augmentation of ethanol density around silica surfaces in the presence 
of density fluctuations facilitates dissociation of silanol groups, leading to long-range 
electrostatic repulsion in the nonpolar medium. 
 

Introduction 

Supercritical fluids (SCFs) have attracted considerable interests 
as environmentally benign media for performing various 
chemical processes such as reactions, extraction, separation, 
and particle formation.1 Density inhomogeneities distinguish 
SCFs from conventional solvents, as well as low viscosity and 
high diffusivity.2 In the very close vicinity of the critical point, 
the compressibility diverges and correlation length of the 
density fluctuations becomes comparable to the wavelength of 
visible light, by which fluids scatter light strongly.3 The density 
fluctuations gradually diminish as the system goes away from 
the critical point, and form a ridge when the contour map of the 
intensities are projected on the phase diagram.4, 5, 6  
 Large density inhomogeneities affect solvation of solute 
molecules in SCFs, because entropic penalty of bringing a 
solvent molecule to a high-density solvation layer is small and 
is easily compensated by enthalpic gain.2, 7 For example, 
analysis of the fluorescent spectra of pyrene, which are 
sensitive indicators to the polarity of a surrounding local 
environment, in supercritical CO2 (scCO2) near the critical 
point showed that local solvent density around the pyrene 
molecules can be 1.5 – 1.7 times larger than the bulk density.8 
Various chemical processes in SCFs, such as chemical 
reactions and energy transfer, are affected by the unique 
solvation.9 
 Koga et al. reported peculiar solvation of the surfaces of 
polymer films in scCO2.10 Polymers such as styrene-butadiene 
copolymer, polystyrene, polybutadiene, and poly(methyl 
methacrylate) are not soluble in scCO2, but the solvent quality 
of scCO2 for the polymers dramatically change when the 
system was brought to temperature and pressures around the 
ridge, leading to abrupt and reversible swelling of the polymer 

films. Interestingly, the swelling was surface specific and 
occurred only for the polymer chains in the close vicinity of the 
surface, whereas those in the bulk were not affected. The 
authors argued the surface-specific swelling of the polymers 
around the ridge was also ascribed to the increased 
compressibility of scCO2 around the ridge.  
 Their results clearly demonstrate the anomalous solvation in 
SCFs occurs not only for small molecules, but also for 
macroscopic surfaces. However, our knowledge on the latter 
has been very sparse.11 In this article, we show the density 
inhomogeneities in supercritical ethanol (Tc = 241ºC, Pc = 6.14 
MPa, ρc = 0.276 g/cm3) induce anomalous solvation of silica 
surfaces and modulate local dielectric environments around the 
surfaces, leading to emergence of very long-range electrostatic 
repulsion between them. 
 
Results 

Long-range repulsion between silica surfaces in supercritical 
ethanol 

 We used an inverted optical microscope equipped with a 
high-temperature and high-pressure sample chamber,12, 13 and 
examined structure of 2D arrays made of monodisperse silica 
particles (d = 5.0 µm) in supercritical ethanol.12, 13 A dispersion 
of the silica particles in ethanol was introduced to the chamber, 
and the particles were allowed to sediment onto the surface of 
the bottom optical window made of diamond. As the window 
was tilted slightly (the tilt angle was estimated to be no larger 
than 0.6º), the particles were packed and formed an array near 
the periphery of the circular window due to gravity (Fig. S1). 
The entire system was then filled with ethanol, pressurised 
(typically to 36 MPa), and heated while maintaining the 
pressure. After the desired temperature was reached, pressure 
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was reduced isothermally (Fig. S2). Structural change of the 
arrays in the course of decompression was examined in situ 
from the bottom through the window. 

 
Fig.( 1.% Pressure<induced% structural% change% of% a% 2D% array% of% silica% particles% in%
supercritical%ethanol.%%(a%–%d)%In!situ%high<resolution%optical%microscopic%images%of%
a% 2D%array%of%monodisperse% silica%particles% (d% =% 5.0%μm)% formed%on%a%diamond%
surface%in%supercritical%ethanol%at%306.8ºC%and%at%(a)%35.6%MPa%and%(b)%11.6%MPa.%
(c)% and% (d)% represent% magnified% views% of% (a)% and% (b),% respectively.% (e)% Radial%
distribution% function% calculated% from% (b).% Inset% shows% a% diffraction% pattern.% (f)%
Change%of%interparticle%gap%as%a%function%of%pressure%at%306.8ºC.%

 At 306.8ºC and 35.6 MPa, the silica particles formed a 
hexagonal close-packed (hcp) array (Fig. 1a and 1c). The 
Brownian motion of the particles of this size was barely 
noticeable in ethanol at ambient temperature, but became 
evident in supercritical ethanol primarily due to a large decrease 
of the viscosity (η(25ºC, 0.1 MPa) = 1.085 mPa•s, η(306.8ºC, 35.6 MPa) = 
0.075 mPa•s). When the pressure was decreased, however, the 
interparticle gap gradually increased while the particles retained 
a hexagonal arrangement (Fig. 1b, 1d and Movie S1).  
 To quantitatively analyse the structural change of the array, 
the microscopic image was Fourier-transformed to obtain a 
diffraction pattern (Fig. 1e, inset), from which a radial 
distribution function was calculated (Fig. 1e). An average 
minimum separation between the surfaces of adjacent particles 
was obtained by the position of the peak in the radial 
distribution function (indicated by an arrow in Fig. 1e), from 
which the diameter of the particle was subtracted to give the 
minimum separation between their surfaces (ds) (Fig. 1f). 
 The ds did not depend very much on the pressure between 
36 and 25 MPa, but became highly pressure-dependent below 
~25 MPa. It increased continuously with the decrease of the 
pressure and reached 6.9 µm at 11.6 MPa. Further decrease of 
the pressure from 11.6 MPa leaded to steep contraction of ds. 
The particles eventually adhered to the diamond surface and the 
Brownian motion completely ceased at 10 MPa (Movie S1). 

The pressure-dependent structural change was reversible unless 
the pressure was decreased too low to induce the adhesion of 
the particles. The observation shows that anomalously long-
range repulsive force, extending to 6.9 µm, appeared between 
silica surfaces in supercritical ethanol at 11.6 MPa at 306.8 ºC. 

 
Fig.( 2.% Pressure% dependent% changes% of% ds% at% different% temperatures.% Closed%
symbols%denote%experimental%results%obtained%in%pure%ethanol.%Open%red%circles%
represent%results%obtained%in%ethanol%containing%1.9%×%10<4%M%of%NaNO3.%

 Similar pressure-dependent structural changes were 
observed in a wide temperature range between 247.1 ºC and 
357.4 ºC (Fig. 2). At all temperatures, hcp arrays were formed 
at high pressures, and hexagonal non-contiguously close-
packed (hncp) arrays gradually appeared with the decrease of 
the pressure. The pressure dependence of ds became less keen 
as the temperature was raised. Also, in each run, the pressure 
where largest ds was observed shifted to higher pressures and 
largest ds also increased with the temperature.  

Effect of electrolyte and water 

Pressure-dependent structural change was also observed when 
the experiment was performed in ethanol containing 1.9 × 10-4 
M of NaNO3 (open red circles in Fig. 2), but the observed ds 
values were significantly smaller with the largest ds of 2.9 µm. 
Moreover, the ds values decreased with the added NaNO3 
concentration, and the pressure-dependent structural change 
vanished in the presence of ~1 × 10-3 M NaNO3 (Fig. 3), 
indicating the long-range repulsion is of electrostatic origin. 
 At NaNO3 concentrations higher than 2 × 10-3 M, silica 
particles agglomerated and could no longer be dispersed 
individually (Fig. S3). The particles also adhered to the 
diamond surface and did not undergo Brownian motion at all. 
The result shows that silica particles were stabilised by short-
range electrostatic repulsion even at high pressures and 
supports our previous observation on the dispersion stability of 
silica particles in supercritical ethanol.14 It also shows that 
there’s electrostatic repulsion between the silica and diamond 
surfaces. Adhesion of the particles to the diamond surface at 
low pressure in supercritical ethanol without NaNO3 (Movie 
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S1) would also be ascribed to loss of electrostatic repulsion 
between their surfaces. It is possible that properties of the 
diamond surface also changed depending on the temperature 
and pressure and affected the results. However, nothing has 
been known and possible such effect is not taken into account 
in the following discussion. 
 Deliberate addition of water to ethanol up to 5 wt%, on the 
other hand, did not affect the observed behaviour, indicating 
that effect of residual water in ethanol, such as preferential 
solvation, was not important in the emergence of the long-range 
repulsion. 

 
Fig.( 3.% Pressure% dependent% changes% of% ds% in% supercritical% ethanol% containing%
various%amount%of%NaNO3%at%276.4%ºC.%

Density inhomogeneities of supercritical ethanol 

 Forces acting between surfaces play central roles in various 
colloidal phenomena such as self-assembly, 
adsorption/desorption, formulation, foam stability, and 
wetting.15 Electrostatic and van der Waals forces, the so-called 
Derjaguin-Landau-Verwey-Overbeek (DLVO) forces, are of 
primary importance, and the former is strongly affected by 
properties of the surface such as charge density.15 Our results 
show that extremely long-range electrostatic repulsion appeared 
between the silica surfaces in supercritical ethanol under certain 
sets of temperature and pressure. 
 The dielectric constant (ε) of supercritical ethanol is below 
2 at temperatures and pressures where long-range repulsion was 
observed, the value of which is comparable to that of 
hydrocarbons (Fig. S4).16 On one hand, electrostatic repulsion 
between charged surfaces becomes long-ranged in such low-ε 
media.17 On the other hand, charging of silica surfaces through 
ionic dissociation of silanol groups is suppressed, which is the 
reason why silica particles do not disperse in low-ε media such 
as cyclohexane (ε = 2.0243 at 20 ºC)18.19 High thermal energy 
likely promotes dissociation of silanol groups, and this is a 
possible reason why the measured ds values at 35 MPa, where 
pressure-dependent structural change almost vanished, 

increased with temperature (Fig. 2). Nonetheless, our 
observation cannot be fully accounted for, because it indicates 
the surface charge density of silica particles increases 
specifically under certain sets of temperature and pressure, 
leading to long-range repulsion in a low-ε medium. 
 We found that there were pronounced density fluctuations 
under the conditions where long-range electrostatic repulsion 
was observed. From thermodynamic calculations, density 
fluctuation is described as 

%
ΔN( )2 N = N V( )κTkBT  (1) 

where N is the number of molecules in the volume V, kB is the 
Boltzmann constant, κT is the isothermal compressibility, and T 
is the absolute temperature.5 By using density and isothermal 
compressibility that were calculated from the equation of state 
for ethanol (Figs. 4a and 4b), density fluctuations of 
supercritical ethanol under the present experimental conditions 
were calculated (Fig. 4c). 

 
Fig.(4.%Density%fluctuations% in%supercritical%ethanol.% (a%and%b)%Calculated%density%
(a)% and% isothermal% compressibility% (b)% of% ethanol.% (c)% Density% fluctuations% in%
supercritical%ethanol%calculated%according%to%eq.%1.% (d)%Sets%of% temperature%and%
pressure% where% the% density% fluctuations% become% largest.% Temperature% and%
pressure%that%were%normalised%by%critical% temperature% (Tc)%and%critical%pressure%
(Pc)%of%ethanol,%respectively,%are%also%shown.%Filled%black%symbol%represents%the%
gas/liquid%critical%point%of%ethanol.%

 Nishikawa et al. performed a series of scattering 
experiments, and showed that the density fluctuations form a 
sharp and intense peak near the critical point, but the peak 
broadened with temperature. Sets of temperature and pressure 
at which the density fluctuations peaked formed the “ridge” of 
density fluctuations extending from the critical point (Fig. 4d),5 
which has also been known as Widom line.20 The Widom line 
can be considered as extension of gas/liquid coexistence curve 
beyond the critical point. Experimental evidence has 
accumulated in the last decade showing that it indeed separates 
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supercritical fluids to a liquid-like and gas-like region, and 
various properties show sharp changes on crossing it.21 
 As can be seen in Figs. 5a-e, the pressure dependence of 
both ds and density fluctuations showed good qualitative 
agreement, and the largest ds was observed around the pressures 
where density fluctuations were most intense (Fig. 5f). These 
results suggest that the density fluctuations play an important 
role in the emergence of anomalous long-range electrostatic 
repulsion between silica surfaces in supercritical ethanol. The 
agreement was poor at low-pressure side of the peaks, 
especially at 357.4 ºC, which may suggest that hydrodynamic 
interactions between silica surfaces and diamond surfaces 
become relevant at low pressures.13 

 
Fig.( 5.% (a<e)% Comparison% of% the% pressure% dependence% of% ds% (black% dots)% and%
calculated% density% fluctuations% (red% curves).% Vertical% scales% for% the% density%
fluctuations%were%normalised% arbitrarily% so% that% the%peak%heights% of%ds% and% the%
density%fluctuation%became%approximately%the%same.%(f)%Sets%of%temperature%and%
pressure% at% which% largest% ds% was% observed% (green).% The% ridge% of% density%
fluctuations%(Fig.%4d)%is%also%shown%(red).%

Discussion 

 In considering surface charging of silica in heterogeneous 
media such as binary solvent mixtures, ε of local environment 
around the surface, not of the bulk, has to be considered.19 We 
propose the density augmentation of ethanol around the silica 
surface as a plausible mechanism behind the long-range 
electrostatic repulsion.  
 Like the density augmentation around small molecules in 
SCFs,2 the density augmentation leads to larger local ε in the 
vicinity of silica surfaces, thereby promote surface charging by 
invoking dissociation of silanol groups. Such effect should 

become most profound around the ridge of density fluctuations 
where density fluctuations are most pronounced, leading to 
anomalous long-range electrostatic repulsion in low-ε 
supercritical ethanol. 
 Mechanism for the density augmentation around small 
solutes can be divided into long-range inhomogeneities and 
local density inhomogeneities.2 The extent of the former is 
governed by the correlation length of the density fluctuations, 
while the latter is governed by solvent-solute interactions.2 Our 
results indicate the latter, interaction between the silica surface 
and ethanol, plays an important role in the emergence of the 
long-range repulsion. 
 An ethanol molecule has a permanent dipole moment and 
interact each other by hydrogen bonding. 1H-NMR chemical 
shift measurements showed the hydrogen bonding between 
ethanol molecules persist even in the supercritical state, and the 
extent of hydrogen bonding at the present experimental 
conditions is estimated to be 20 to 40 % relative to ambient 
conditions.22 It is likely that the hydrogen bonding between 
ethanol and silica surfaces also persists in supercritical ethanol. 
The density fluctuations may facilitate structuring of ethanol on 
the silica surface via hydrogen bonding, such as those observed 
for silica surfaces in ethanol/cyclohexane mixtures.23 
Furthermore, a neighbouring group effect may come into play. 
A dissociated silanol group likely attracts more ethanol 
molecules and promotes further density augmentation, which in 
turn promotes dissociation of surrounding silanol groups on the 
silica surface. 
 Density inhomogeneity of various SCFs around the ridge of 
density fluctuations have been experimentally measured near 
the critical point up to ~1.1 T/Tc or P/Pc.5, 6 In the case of 
supercritical ethanol, dynamic light scattering measurements 
showed the density fluctuations almost vanished at 1.06 T/Tc.6 
Accordingly, anomalies associated with density 
inhomogeneities in SCFs are typically observed in these 
temperature and pressure range.2 A critical Casimir force,24 
which appears when the concentration fluctuations in a binary 
liquid mixture are confined between two surfaces, also appears 
only in the close vicinity of the critical point. In stark contrast, 
the long-range repulsion between the silica surfaces appeared 
even though the system was far from the critical point (up to 
~1.2 T/Tc, ~2.5 P/Pc). Also, the largest ds values observed at 
247.1 ºC (1.01 T/Tc) and 357.4 ºC (1.23 T/Tc) were comparable 
despite a large difference in the intensity of the density 
fluctuation. No such results have been reported to the best of 
our knowledge. The results suggest that the long-range 
repulsion is very sensitive to the local density inhomogeneity 
around the silica surfaces. Presumably, even weak density 
fluctuation of the bulk would be sufficient to induce anomalous 
solvation and modulate the local dielectric environments 
around the silica surfaces. 
 Various charge-stabilised colloids coagulate rapidly in 
water when it is heated under pressure due to large decrease of 
ε.25 In stark contrast, silica nanoparticles (d = 60 nm) remain 
stably dispersed even in low-ε supercritical ethanol, although 
numerical calculations using bulk properties of ethanol showed 
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the DLVO potential barrier between silica surfaces decrease to 
2-5 kBT.14 The results would also be explained by taking into 
accounts specific interactions between silica surface and 
ethanol in supercritical ethanol. 
 
Conclusions 

We found that anomalous long-range electrostatic repulsion 
appeared between silica surfaces in supercritical ethanol around 
the ridge of density fluctuations. We propose that local density 
of ethanol around the silica surfaces is augmented, and 
facilitates ionic dissociation of surface silanol groups. Long-
range electrostatic repulsion results due to low bulk dielectric 
constant of supercritical ethanol. Interaction between ethanol 
and silica surfaces likely plays a key role. 
 Experiments in other supercritical fluids are in progress to 
verify universality of our finding, which is one of the key basic 
properties of critical phenomena. The experiments would also 
help clarifying possible roles of solvent-surface interactions in 
the emergence of long-range electrostatic repulsion.  
 
Experimental 

Materials 

Monodisperse silica particles (Hipresica, d = 5.0 µm) were 
obtained from Ube-Nitto Kasei Co., Ltd., Tokyo, Japan. 
Ethanol (>99.5% pure) and NaNO3 were obtained from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan). Chemicals were 
used without further purification. Ethanol was kept in a 
desiccator to prevent the solvent from absorbing moisture in air. 
Properties (viscosity, density, and isothermal compressibility) 
of ethanol were calculated using the equation of state26 on a 
NIST Reference Fluid Thermodynamic and Transport 
Properties Database (REFPROP) Version 8.0.18. 

Preparation of 2D array 

Silica particles were dispersed in ethanol at a concentration of 
approximately 0.3 mg/mL with the aid of ultrasonic agitation 
(Model 5510, 42 kHz output frequency, Branson Ultrasonic 
Corporation, Danbury, USA). The dispersion was loaded to a 
high-temperature and high-temperature sample chamber for 
optical microscopy. The chamber was made of titanium alloy 
and two optical windows made of diamond discs (1.5 mm 
diameter, 1 mm thick) were placed. The particles were then 
allowed to sediment on the surface of a bottom optical window. 
Once sedimentation was completed (took approximately 10 
min), excess particles were removed by flushing the chamber 
with ethanol. Approximately 1 – 1.5 × 104 particles comprised 
the arrays examined in this study. 

In situ microscopic observation 

The chamber was connected to a pressurising system consisting 
of an HPLC pump (PU-2080, JASCO, Hachioji, Japan) and a 
back-pressure regulator (SCF-BPG/M, JASCO, Hachioji, 
Japan). The system was then pressurised by pumping ethanol, 

and the specimen was heated while maintaining the high 
pressure. During heating, the particles were swept away to the 
periphery of the window due to convective flow. Once the 
sample reached a desired experimental temperature, pressure 
was controlled by a hand-operated high-pressure controller 
(AKICO, Tokyo, Japan). Temperature of the sample in the 
chamber was measured by a thermocouple that was calibrated 
by measuring the melting point of NaNO3 (307 ºC).18 Pressure 
of the system was measured by a sensor that was calibrated by 
using a Heise gauge (Model CMM dual pressure gauge, 
Ashcroft Inc., Stratford, USA). Structure of 2D array was 
observed by an inverted optical microscope (IX-71, Olympus, 
Tokyo, Japan), on which the sample chamber was set, with an 
optical resolution of 2 µm.13  
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Graphical and textual abstract for “Anomalous long-range repulsion between silica surfaces 

induced by density inhomogeneities in supercritical ethanol” by S. Mukai, T. Koyama, K. Tsujii 

and S. Deguchi 

 

 

 

Long-range repulsion, extending over several µm, emerged between silica surfaces 

around the ridge of the density fluctuations in supercritical ethanol. 
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