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Osmocapillary phase separation
Qihan Liu, Zhigang Suo

Harvard John A. Paulson School of Engineering and Applied Sciences, Kavli Institute for
Bionano Science and Technology, Harvard University, MA 02138

Abstract:

A covalent network of polymer can imbibe a solvent to form a gel. In a cavity on the surface of
the gel, capillary force may suck the solvent out of the gel to form a pure liquid phase. We show
that such osmocapillary phase separation occurs when capillarity balances osmosis, and when
the diffusion of solvent in the gel prevails over the condensation of solvent from the vapor.
Osmocapillary phase separation can occur even when the gel is isolated from the vapor, or when
the solvent is nonvolatile. We relate osmocapillary phase separation to phenomena of practical
significance, including the wettability of gels, the transparency of gels, the liquid bridge at the
tip of an atomic force microscope, the adhesion between a gel and another substance, the

surface morphology of gels, and the production of tight oil.

1. Introduction

Osmotic phenomena have appeared in writings since antiquity [1, 2]. For example, to
detach a block of desired size from a large rock, Egyptians would drive wedges of dry wood into
slots in the rock, and then soak the wood with water till the swelling wood split the rock. As a
second example, an animal bladder, filled with wine and plunged in water, swells greatly and
sometimes even bursts. As a third example, the Bible reported that Moses turned brackish water
into drinking water, possibly using an ion-exchanging process.

We now know the basic ingredients to set up osmosis. In a system of several substances,
one substance—designated as solvent—can migrate from place A to place B, but the other
substances cannot. The chemical potential of the solvent in place A is higher than that in place B;

the difference in the chemical potential provides the driving force for the migration of the
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solvent. The animal bladder is a semipermeable membrane: water can pass through it, but
alcohol cannot. Outside the bladder, the pure liquid water has a high chemical potential of water.
Inside the bladder, the wine is a mixture of alcohol and water, and has a low chemical potential
of water. This difference in chemical potential of water motivates pure water outside the bladder
to pass through the membrane and dilute the wine.

Osmosis plays essential roles in nature and engineering. Living cells undergo osmotic
swelling and collapse when the aqueous solution outside the gel changes concentration. Tall
trees demonstrate the spectacular power of osmosis [3]. When air is less humid than soil, the
difference in humidity drives the ascent of sap in trees. In the xylem of tall trees, liquid water is
often under hydrostatic tensile stress in excess of 1 MPa [4]. Osmosis-induced high tensile
stress in liquid water has been demonstrated in artificial trees on chips [5]. Biological and
bioinspired actuators rely on swelling polymers in response to diverse stimuli [6, 7].
Superabsorbent diapers keep babies dry even when babies sit on swollen diapers [8]. Seals
made of swelling elastomers are deployed in oilfields to enable hydraulic fracture [9].
Desalination of water has developed into an industry since the time of Moses [10].

In an osmotic phenomenon, osmosis—the tendency to mix the solvent to other
substances—usually competes against some other forces. For the bladder filled with wine and
plunged in water, osmosis competes against the elasticity of the membrane. During desalination,
external forces must be applied to saltwater to push pure water through membranes, against
osmosis. Desalination separates water from solutes, and is a process of reverse osmosis. During
the ascent of sap, the trees harness the difference in the chemical potentials of water in the soil
and in the air, separate water from the soil, and raise water to the treetops.

Here we explore a phenomenon in which osmosis competes against capillarity. We begin
with a hydrogel—a covalent network of hydrophilic polymer swollen with water. The chemical
potential of water in the hydrogel is readily set by equilibrating the hydrogel with a water vapor

of known relative humidity, or with an aqueous solution of known concentration [11]. Assume
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that the hydrogel is initially in equilibrium with unsaturated water vapor. What will happen if
we isolate the hydrogel from the vapor by immersing the hydrogel in a hydrophobic liquid (i.e.,
oil)? Upon introducing a cavity on the surface of the hydrogel, the interface energy may suck
water out of the hydrogel to form a pure liquid phase (Fig. 1a). On the other hand, osmosis
promotes the low-humidity hydrogel to imbibe water. When capillarity balances osmosis, the
two phases—hydrogel and pure liquid water—coexist in equilibrium. We call this phenomenon

osmocapillary phase separation.

b c d
vapor vacuum vapor
N\ A - NN\ £
water liquid liquid liquid _
- ) - - o
hydrogel non-porous solid non-volatile gel gel

Fig. 1. Formation of a liquid phase in a cavity on an interface. (a) Osmocapillary phase
separation. In a cavity on a hydrogel-oil interface, the interface energy competes against
osmosis and sucks water out of the hydrogel. (b) Capillary condensation. In a cavity on the
interface between a non-porous solid and a vapor, the interface energy causes vapor to condense
into liquid water. (¢) In a cavity on the surface of a non-volatile gel, osmocapillary phase
separation still happens, but capillary condensation is impossible. (d) In a cavity on a gel-vapor

interface, osmocapillary phase separation and capillary condensation are concurrent processes.

In the configuration of Fig. 1a, the cavity is filled with liquid water diffusing from the
hydrogel, which serves as a reservoir of water. Even without the hydrogel, a cavity on a solid
surface may be filled with liquid water condensing from humid air, which is also a reservoir of
water (Fig. 1b). Such capillary condensation has been widely studied [12]. Although both

osmocapillary phase separation and capillary condensation can fill a cavity on an interface,
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water comes from different reservoirs. In capillary condensation, water comes from the humid
air. In osmocapillary phase separation, water comes from the hydrogel.

A polymer network may also imbibe solvent other than water. When a gel of a
nonvolatile solvent is exposed to air, capillary condensation is impossible, but osmocapillary
phase separation can still happen (Fig.1c). If the solvent of the gel is volatile, capillary
condensation and osmocapillary phase separation are concurrent processes (Fig.1d). We show
that osmocapillary phase separation dominates over capillary condensation for small cavities.

Because the chemical potential of solvent in a gel can be readily tuned, osmocapillary
phase separation can occur in cavities of a large range of sizes. The competition between
osmosis and capillarity defines a length, which we call the osmocapillary length. When the
osmocapillary length is large compared to the size of the cavity, the capillary force sucks pure
liquid solvent out of the gel. We will describe various ways to increase the osmocapillary length.
Although osmocapillary phase separation has not been well-studied, related phenomena are
important in many applications. Examples include the wettability of gels, the transparency of
gels, the liquid bridge at the tip of an atomic force microscope (AFM), the adhesion between a
gel and another substance, the surface morphology of gels, and the production of tight oil. We

will describe these phenomena at the end of the paper.

2. Chemical potential of solvent in various states
We review the chemical potentials of solvent in various states of aggregation. The
chemical potential of a pure substance is a function of pressure and temperature, and coincides
with the Gibbs function per molecule of the substance. Under the isothermal conditions, the
chemical potential i of a pure solvent obeys the thermodynamic relation du = vdP, where v is
the volume of solvent (either vapor or liquid) divided by the number of solvent molecules, and P
is the pressure. In thermodynamic equilibrium, the chemical potential of solvent is the same

everywhere. We set the chemical potential of solvent to zero when pure liquid solvent and pure
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gaseous solvent coexist in equilibrium. In this reference state, the pressure is the same in the
pure liquid and in the pure vapor; we denote the pressure of saturation by Psa.

When gaseous solvent is isolated from liquid solvent, the pressure in the vapor, P, can
differ from the pressure of saturation. The vapor is taken to obey the law of ideal gases, Pv = kT,
where kT is the temperature in the unit of energy. An integration of du = vdP gives the chemical

potential of solvent in its pure vapor phase:
t, =kTlog(P/P,,). (1)
The chemical potential of solvent in the vapor relates to P/Ps.. For a vapor of water, the ratio

P/Psy defines the relative humidity. Equation (1) recovers the reference state when the vapor is

saturated—that is, 1, =0 when P = Psa.

When the pure liquid solvent is isolated from its vapor, the hydrostatic stress in the
liquid, o, can differ from the pressure of saturation. We take o to be positive when the stress in
the liquid is tensile. Liquid solvent is assumed to be incompressible—that is, the volume per
solvent molecule in the liquid phase, Q, is independent of the stress. An integration of du = vdP

gives the chemical potential of solvent in its pure liquid phase:
t=-Qo+P,,). (2)

The chemical potential of solvent in its pure liquid phase is linear in the applied hydrostatic

stress. Equation (2) recovers the reference state when the liquid solvent equilibrates with the

gaseous solvent—that is, 14 =0 when 0 = Pa.

Experiments are often conducted under the atmospheric pressure, P.m. The air contains
the vapor of the solvent, and is modeled as an ideal-gas mixture. The chemical potential of
solvent in the air is still given by (1), with P being the partial pressure of solvent in the air, and
Py still being the pressure of saturation when pure liquid solvent and pure gaseous solvent

equilibrate. When the pure liquid is under atmospheric pressure, 0 = Pam, the chemical

potential of solvent in the liquid is z4 :Q(Pml -P ) For example, Ps.: ~ 3kPa for water at

a sat
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room temperature and P.am ~ 100kPa. Consequently, the atmospheric pressure greatly increases
the chemical potential of water in its pure liquid phase. Equating the chemical potential of
solvent in the liquid and that in the air, we obtain the partial pressure of the solvent in the air in

equilibrium with the liquid water:

P_-P
ex atm sat
sat p kT/ Q (3)

P =P

For water, taking Q = 3.0x1029m3, T = 300 K and k = 1.38x1023J/K, we obtain that kT/Q =

138MPa, which is much larger than the atmospheric pressure. Consequently, the atmospheric
pressure increases the equilibrium partial pressure of water negligibly, P, ~Psat .

Denote the chemical potential of pure liquid solvent under atmospheric pressure by

Ho :Q(Ptm_P

a sat

). Rewriting (1), we express the chemical potential of solvent in an ideal-gas
mixture as

H, = o +kT1og(P/P,). (4)
For pure liquid solvent subject to hydrostatic stress o, define an excess stress by

OJZU_(Patm - P,

sat). Rewriting (2), we express the chemical potential of solvent in the pure

liquid as
My = py —Q0" (5)
Now consider a pure liquid solvent with a curved surface. The ambient is subject to the

atmospheric pressure. The chemical potential of solvent beneath the curved liquid-vapor

interface is
H, = Ho —Qky, (6)
Here y is the energy per unit area of the interface, and x is the sum of the two principal

curvatures of the interface. A positive k corresponds to a cavity, and a negative x corresponds to

a droplet. Equation (6) also applies to an oil-water interface, where y is the energy per unit area

of the oil-water interface, the oil is subject to the atmospheric pressure, and 4, is the chemical
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potential of water near the curved water-oil interface.

As mentioned before, the chemical potential of solvent in a gel, 4,4, can be readily

changed by equilibrating the gel with a solvent vapor of known partial pressure [11]. The
chemical potential of solvent is negative in a gel in equilibrium with an unsaturated solvent
vapor. We define the osmotic pressure IT of the gel by the relation

Hoa = Ho—QIT. (7)
This definition of the osmotic pressure in a gel is analogous to that of the osmotic pressure in a
liquid solution. For a liquid solution in equilibrium with a pure solvent, the osmotic pressure in
the solution is measurable as a pressure, e.g., by the rise of the solution against gravity. For a gel

in equilibrium with a pure liquid solvent, s, = 44, the osmotic pressure in the gel balances the

excess stress in the pure liquid solvent, [T=0".

3. Osmocapillary length
We now return to the cavity on the hydrogel-oil interface (Fig. 1a). For a hydrogel

containing a large quantity of water, the energy per unit area of the hydrogel-oil interface is
nearly identical to that of the water-oil interface. When the hydrogel extrudes water, the
resulting water-oil interface is less curved than the hydrogel-oil interface, so that the net
interface energy reduces. Thus, the capillarity promotes the separation of the hydrogel into two
phases: hydrogel and pure liquid water. The water-oil interface is still slightly curved, and sets
up a difference in stress on the two sides of the interface, known as the Laplace stress. The oil is
under the atmospheric pressure. Inside the cavity, the energy of the oil-water interface causes a

state of tensile excess stress in the liquid water (¢’ > 0). Equating the chemical potentials of

water, u, = 44, one obtains o’ = yx .

The Laplace stress in the liquid water relative to the oil is tensile, and tends to suck water

out of the hydrogel. On the other hand, osmosis promotes the low-humidity hydrogel to imbibe
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water. When capillarity balances osmosis, the two phases—hydrogel and pure liquid water—

coexist in equilibrium. Equating the chemical potentials, s, =, , we obtain the condition of

osmocapillary equilibrium:

IM=yx. (8
When the hydrogel is a reservoir of water with a fixed chemical potential (and therefore a fixed
osmotic pressure), The condition of equilibrium determines the curvature of the water-oil
interface.

The ratio y/IT defines a length, which we call the osmocapillary length. If the size of the
cavity, L, is small comparing to the osmocapillary length, there exists a continuous surface of
curvature x covering the cavity that satisfies yx = I1, and phase separation happens. However,
for a large cavity, L > y/II, phase separation does not happen. In the limit that the hydrogel is in
equilibrium with the saturated vapor, I = 0, osmocapillary phase separation can occur in a
cavity of any size. In the other limit that the hydrogel is completely dry, IT = «, osmocapillary

phase separation cannot happen in a cavity of any size.
For a hydrogel prepared in equilibrium with a vapor of relative humidity P/ P,, the

osmocapillary length is

yo_o__ R
1 kTlog(P/P,) ©

For a representative values g = 70mJ/m?2 and kT/Q = 138MPa, we plot the osmocapillary length

as a function of relative humidity (Fig.2). The osmocapillary length decreases steeply at the dry
end and increases steeply at the wet end. The osmocapillary length is roughly 5nm at 90%

relative humidity, and increases to roughly 50nm at 99% relative humidity.
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Fig.2. Osmocapillary length for hydrogel prepared at various values of relative humidity.

In a sealed environment, the relative humidity in the vapor can be controlled by an
aqueous solution. Let ¢ be the concentration of the solute (i.e., the number of particles of the
solute divided by the volume of the solution). The osmotic pressure of the solution is given by
the Van’t Hoff equation IT=ckT . This osmotic pressure sets the osmotic pressure in the
hydrogel if the vapor over the aqueous solution equilibrates with the hydrogel. In this case, the

osmocapillary length is given by

ryr_r
I ckT’ (10)

For example, take the surface tension of an aqueous solution to be still g = 7omJ/mz2. For a
sucrose solution of 0.1M, the osmotic pressure is I1 = 0.25MPa, and the osmocapillary length is
0.28um. For a colloidal solution of 0.1mM, the osmotic pressure will be lowered to IT = 0.25kPa,
and the osmocapillary length will be increased to 28oum.

We now consider a gel of nonvolatile solvent (Fig. 1c). Still, a pure liquid solvent in a
cavity equilibrates with solvent in the gel when capillarity balances osmosis, yx = I1, where y is
the energy per unit area of the solvent-air interface, x is the curvature of the solvent-air interface

and IT is the osmotic pressure in the gel. To observe osmocapillary phase separation, we need

12/28/2015 9



to reduce the magnitude of the osmotic pressure in the gel—that is, to bring the chemical
potential of solvent in the gel to be sufficiently close to that in pure liquid solvent. An effective
way to do so is to use a solvent of giant molecules.

Consider a network of polymer swollen with the liquid of the polymer of the same
chemical structure. The enthalpy of mixing vanishes, and the mixing of the solvent and network
is entirely driven by entropy. Let V be the volume of the networked polymer, N be the number
of uncrosslinked polymer chains, and Q be the volume per chain. When the uncrosslinked

chains form a pure liquid, the volume of the liquid is NQ, and the number of configurations

scales as W oc (NQ)N . When the uncrosslinked chains and the network form a gel, the volume

of the gel is V + NQ, and the number of configurations scales as W, oc(V+NQ)N.

gel
Consequently, the entropy of mixing is S,; —S, = klog(W / W;) The change in the chemical

potential of solvent between the two states of aggregation obeys the thermodynamic relation

Hga —Ho = _Té(Sgel _So )/ oN ) glVlng

NQ 1% ] . (1)

Hea = Ho +kT(10gV+NQ+ V+NQ
Equation (11) corresponds to the entropy of mixing in the Flory-Huggins model [13, 14]; here we
have neglected the change in the entropy due to the elasticity of the network. For a gel in which
the volume of solvent is comparable to that of the networked polymer, the term in the
parenthesis in (11) is of order unity, so that the osmotic pressure is on the order of IT ~ kT/Q.
For example, the density of a polymer is on the order of 103kg/m3; for a polymer chain of
molecular weight of 100,000g/mol, the volume of the polymer is about 2x10-25m3 and the
osmotic pressure is about 25kPa. The osmotic pressure is greatly reduced for a gel with solvent
of long-chain polymers. Taking a representative value of surface energy, y = 20mN/m, we obtain

an osmocapillary length on the order of microns.
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4 Phase separation along a three-phase contact line

In a recent experiment, Jensen et al [15] observed the formation of a liquid phase along
the contact line of three phases (air, a gel and a solid). In their experiment, spherical glass
particle is dropped onto loosely crosslinked PDMS. The PDMS is so soft that it partially engulfs
the glass particle. In the loosely crosslinked PDMS, some of the PDMS molecules are not
crosslinked, and can migrate out as liquid PDMS. The experiment shows that uncrosslinked
PDMS molecules extrude out from the gel and form a liquid phase near the contact line (Fig.3).

We now interpret this experimental observation in terms of osmocapillary phase
separation. Liquid PDMS is nonvolatile and the possibility of condensation from vapor is
excluded. The three-phase contact line has a singular curvature, which allows osmocapillary
phase separation with at any finite I1. In the experiment, the PDMS network and the PDMS
liquid consist of the identical molecular structure except for a tiny fraction of crosslinkers.
Consequently, enthalpy of mixing vanishes. The reported molecular weight of the pre-
crosslinked PDMS is 28000g/mol, and the density of PDMS is 0.97kg/ms3 [16]. The volume
occupied by each polymer chain can be estimated based on the molar weight of the polymer,
which gives Q = 4.8x1026m3. Assuming the volume fraction of the uncrosslinked PDMS is high,
say 90%, Equation (12) gives the osmotic pressure IT ~ 9.1kPa. Taking the surface energy of the
PDMS as 20mN/m. The corresponding osmocapillary length is y/IT = 2.2um. This estimate is
comparable to the size of the liquid phase observed in the experiment. A full analysis of the
experiment requires a theory that couples osmosis, capillarity and elasticity, which is beyond the

scope of this paper.
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PDMS liquid

PDMS gel

Fig.3. When a glass particle is dropped on a soft PDMS gel swollen with liquid PDMS, liquid

PDMS extrudes out near the three-phase contact line.

5 Osmocapillary phase separation vs. capillary condensation

When the surface of a solid is exposed to the ambient air, liquid water may condense out
from humid air near small cavities on a solid surface (Fig. 1b). This capillary condensation has
important consequence for micro-electro-mechanical systems [17-19], self-assembly [20-22],
and atomic force microscopes [23-25].

We now consider a polymer network swollen with a solvent and exposed to air (Fig. 1d).
The solvent is volatile, and a vapor of the solvent exists in the air. Consequently, capillary
condensation and osmocapillary phase separation are concurrent processes. Thermodynamic

equilibrium requires that the chemical potential of solvent be the same everywhere,

Hoq = L4 = 1, = [, , giving that

HZO‘Z}/K:—%mg(PiJ. (12)

sat
The last equation is the Kelvin relation commonly used to analyze capillary condensation.
Equation (12) shows that the condition of equilibrium for osmocapillary phase

separation is identical to that for capillary condensation. However, the kinetics of the two
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processes are different. Capillary condensation is due to the condensation of solvent from the
vapor, whereas osmocapillary phase separation is due to the diffusion of solvent in the gel.

We compare condensation from the vapor and diffusion in the gel using basic kinetic
theory [26-28]. The average velocity of solvent molecules in the vapor is v =,/3kT /m , where

m is the mass per molecule. The law of ideal gases gives the number of solvent molecules per

unit volume of vapor, ¢ = P,/kT, where P, is the equilibrium partial pressure of solvent in the

vapor. The rate of condensation scales as dn/dt ~ cvLZ , where n is the number of solvent in
the liquid phase, and L is the length scale of the liquid phase. Note that n ~ L} / Q.

Consequently, the relaxation time for capillary condensation scales as 7,4, ~ LNmkT / PQ. On

the other hand, the relaxation time for osmocapillary phase separation scales as 7, ~ L/ D,
where D is the diffusivity of the solvent in the gel.
Equating the relaxation times of the two kinetic processes, 7,4 = 7, » We Obtain a

length scale L . = DVmkT / P,Q). Take orders of magnitude representative of water, m ~ 10-

Cross

20kg Q) ~ 1029m3, kT ~ 1021J and P, ~ 1kPa. The diffusivity of water in hydrogel is roughly D ~

109m?2/s [29]. The length scale is estimated as L__.. =10’m. This means that, for hydrogels, at

cross
sub-micron scale the osmocapillary phase separation dominates over capillary condensation. In
the limit of a gel with a nonvolatile solvent, the crossover length approaches infinity, and the
formation of the liquid phase is due entirely to osmocapillary phase separation.

We have identified two length scales: the osmocapillary length y/II, and the kinetic

crossover length L, =D+mkT /PQ . Experimental observations of a cavity on a gel-air

Cross
interface will depend on how the size of the cavity L compares with these two length scales

(Fig.4). When osmosis prevails over capillarity, no phase separation occurs. When capillarity
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prevails over osmosis, phase separation occurs, either by the diffusion of solvent in the gel, or be

the condensation of solvent from the vapor.

A

No Phase Separation

L/(y/11)

Osmocapillary Capillary
Phase Separation| Condensation

L/LCI'OSS

Fig.4. Osmocapillary phase separation occurs when the size of the cavity L is small compared to

two lengths,, the osmocapillary lengh »/I1 , and the Kkinetic crossover length

L...=DJmkT/PQ.

6. Osmocapillary phase separation in phenomena of practical significance

Like capillary condensation, osmocapillary phase separation is expected to be important
in many applications. Here we briefly discuss several examples. Osmocapillary phase separation
may change the wettability of the gel surface (Fig.5a). The gel and its solvent can have different
surface property if the gel has a low swelling ratio, or if the gel carries some functional particles
like clay [30]. A droplet of liquid immiscible with the solvent may have different wettability
towards the solvent and towards the gel. When the osmotic pressure inside the gel is low,
osmocapillary phase separation covers most surface asperities with the solvent, and the
wettability of the surface is close to that of the pure solvent. When the osmotic pressure inside
the gel is high, osmocapillary phase separation only covers a tiny portion of the surface

asperities, and the wettability of the surface is close to that of the gel.
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Osmocapillary phase separation may also change the optical property of the gel (Fig.5b).
Depending on the fabrication process, the surface of a gel can be rough and scatter light,
resulting in a translucent material. Usually, the difference in refractive index between the gel
and the solvent is much smaller than the difference between the gel and the air. With low
osmotic pressure, osmocapillary phase separation covers all the asperities, and the material is
transparent. With high osmotic pressure, the rough surface scatters light, and the material is
translucent.

The examples of Fig.5a and Fig.5b show that osmocapillary phase separation enables
switching of the surface property by tuning the osmotic pressure, which could be done by
connecting the gel with a reservoir of solvent or applying stress. The same principle has been
demonstrated in the “self-healing, slippery liquid infused porous surface” (SLIPS) [31, 32]. In
that case, lubricant is infused into a porous material, and the wettability of the porous material
is tuned by changing the pore pressure of the lubricant. If we accept pore pressure as an
extension of osmotic pressure, these experiments fit into the theory of osmocapillary phase
separation.

Osmocapillary phase separation may result in a liquid bridge at the tip of an atomic force
microscope (Fig.5¢). As discussed earlier, below the kinetic crossover length, osmocapillary
phase separation dominates over capillary condensation. Consequently, the liquid bridge draws
liquid from the gel, rather than from the ambient air. The difference in kinetics can result in
noticeable difference if the atomic force microscope works in the dynamic modes [33]. In
addition, capillary condensation may be avoided by immersing the sample in a cover liquid. If
the cover liquid is immiscible with the solvent, osmocapillary phase separation can still result in
a liquid bridge. For a gel with nonvolatile solvent, test in vacuum can also avoid capillary
condensation, but osmocapillary phase separation can still result in liquid bridge as well.

As demonstrated by Jensen et al [15], osmocapillary phase separation produce a liquid

ring along the three-phase contact line (Fig.5d). It is known that liquid phase around contact
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line can strongly influence adhesion [34]. This implies that the osmocapillary phase separation
will also affect adhesion.

When a soft material is compressed beyond a critical level, the surface of the material
forms creases [35, 36]. Creases account for many naturally observed phenomena, including the
creases on our skin and the sulci in the brain. If a crease happens on the surface of a gel, the self-
contact leads to a singularity in the curvature of the gel-air interface. Such a singularity may
cause osmocapillary phase separation (Fig.5¢), although we are unaware of any experimental
observations.

Singularity in the curvature may also happen at the tip of a crack, where osmocapillary
phase separation is expected (Fig.5f). Depending on the size of the crack opening relative to the
osmocapillary length, the solvent may propagate a long distance along the crack. If we think
porous rock as a special case of gel and think crude oil as its solvent, such a phenomenon has

been widely used in the production of tight oil through hydraulic fracture [37].

_— ol

Wettability Optical property AFM
d e f
@ W
Adhesion Crease Crack

Fig.5. Osmocapillary phase separation may relate to a variety of phenomena. (a) Osmocapillary
phase separation may change the wettability between a gel and an immiscible liquid. (b)
Osmocapillary phase separation may switch a translucent material to a transparent material by

covering the surface roughness. (¢c) Osmocapillary phase separation may result in a liquid bridge
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at the tip of an atomic force microscope. (d) Osmocapillary phase separation changes the
adhesion between two materials. (d) Osmocapillary phase separation may happen near the tip of
a crease. (e) Osmocapillary phase separation may happen near the tip of a crack, extracting

liquid out along the crack.

~. Conclusion

For a pure liquid solvent in a cavity to coexist in equilibrium with a gel, the Laplace
tension in the pure liquid solvent must equal the osmotic pressure in the gel. The competition
between capillarity and osmosis defines the osmocapillary length. A cavity smaller than the
osmocapillary length draws solvent from the gel and the vapor concurrently. Diffusion of the
solvent in the gel prevails over the condensation of the solvent from the vapor when the cavity is
smaller than a kinetic crossover length. Osmocapillary phase separation can still occur even
when the gel is isolated from vapor phase, or when the solvent of the gel is nonvolatile.
Osmocapillary phase separation may be important in many applications, including the
wettability of gels, the transparency of gels, the liquid bridge at the tip of an atomic force

microscope, the adhesion on gel, the surface morphology of gels, and the production of tight oil.
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