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Abstract. An atomistic slit pore model is built to study the sorption-induced deformation
of nanoporous materials with the help of molecular simulation. Both sorption and strain
isotherms are determined to probe anisotropic deformation behaviors induced upon gas
adsorption. A detailed analysis shows that the driving microscopic mechanisms at different
sorption stages are different. At high relative pressure, as expected from the classical
macroscopic picture, the pore deformation is governed by Laplace pressure as the porosity
gets filled with liquid due to capillary condensation. In such situation, the strain can be
predicted from the corresponding stiffness modulus. At low pressure, when liquid films are
adsorbed at the pore surfaces and separated by the vapor phase, the strain is driven by the
attractive solid-fluid forces and 2D pressure within the film, and the deformation is
confined in the direction parallel to the film-solid interface. Analysis of isosteric heat of
adsorption shows that the contribution arising from the deformation is small compared to
the sorption contribution, which indicates that the influence of deformation on the sorption
process is limited. I have a few concerns with the TOC figure: A. When converted to the
real sizes for TOC, I m not sure “Pressure” and ‘deformation” are readable. B. The curved
menisci do not look hemispherical to me. I understand that there is the effect of the

adsorbed film but still the central part of the menisci should appear hemispherical

Deformation

Pressure



1. Introduction

When using superscirpt referernces, there is no space betweeb the reference and the word
before Sorption-induced deformation is a common phenomenon in various types of porous

materials !

. This phenomenon arises at the molecular level because of the strong
intermolecular forces at the sorption surface induced by the adsorbent-adsorbate
interactions 2°. Specifically, for nanoporous materials, experimental and theoretical studies
find sorption-induced deformation generally associated with first order phase transitions
which correspond to capillary condensation and evaporation *. As a result, the capillary
hysteresis usually observed in sorption isotherms is accompanied by hysteresis in strain
isotherms °. Moreover, it is found that the deformation has distinct characteristics before

and after phase transition ®’, which indicates that the sorption-induced deformation is

governed by different mechanisms at different adsorption stages.

When you have to rferences; they should be separated by commas. For instance 9,10 not
910. From a mechanical perspective, sorption-induced deformation of nanoporous
materials is generally attributed to either disjoining pressure %, surface stress *'° or Laplace
pressure S effects. In the formulat it should be W(e) not W alone. Also, w should be w(e)
etc. The disjoining pressure is defined as w=dW /de, where W(e) is the surface potential
that stabilizes the adsorbed film of a thickness e. Note that this definition indicates that
disjoining pressure acts in the direction perpendicular to the surface. However, it must be
recalled that the surface potential term scales with the film surface area (which pertains to
the direction parallel to the pore surface). The concept of disjoining pressure is often used
to explain sorption-induced deformation. Gor and Neimark ! use the disjoining pressure
concept as formalized in the Derjaguin-Broekhoff-de Boer (DBdB) theory to explain the
deformation of cylindrical pores during sorption before the occurrence of capillary
condensation. A similar approach is adopted by Kolesnikov et al '> when considering
sorption in a pore network. The surface free energy of the liquid-vapor interface is written
as dependent on the liquid film thickness through the use of the disjoining pressure term.
On similar systems, the concept of disjoining pressure is also used in computational

modeling work using methods such as Grand Canonical Monte Carlo (GCMC) and density



functional theory DFT. For example, conducting GCMC simulations, Cornette et al !* find
that adsorption-induced deformation in a slit pore is driven by the solvation pressure which
is equivalent to the disjoining pressure. Similar observation is found in Grégoire et al. who

used DFT calculations to describe the mechanics and physics of nanoconfined fluids '*.

A second explanation of sorption-induced deformation stems from the work of Bangham

15 which was extended by Shuttleworth . In this approach, the surface stress o can be
expressed according to Shuttleworth equation as o =y +dy; /de, , where ¢ is the
surface energy and & , is the surface strain. Surface stress arises from the spreading effect

of free energy of the solid-liquid interface and the dependence on strain. Unlike disjoining
pressure, surface stress acts within the interface and drives the deformation along the in-
plane direction of the surface. Zhang !7 showed that the swelling of coal subjected to pure
CO; and mixtures of CO2/CH4 injections can be modeled assuming that all deformation is

110

due solely to surface stress. Furthermore, as indicated by Gor et al. ", the surface stress

can be either positive or negative so that both swelling and shrinkage of the solid can be
observed. A third explanation of sorption-induced deformation relies on the Laplace
pressure, which characterizes the pressure difference across a curved boundary between a
vapor and a liquid. The Laplace pressure is generally invoked to explain the deformation
occurring after capillary condensation and in the presence of a liquid meniscus at the open

end of the pore.

The three different mechanisms mentioned above can have combined effects on the
deformation. As a result, a comprehensive description of adsorption-induced deformation
should address all these mechanisms. A reasonable and straightforward approach to
conduct such analysis is to use a simple pore geometry such as the slit pore model. The
major advantage of this pore model over other geometries is that one can easily separate
contributions from the directions perpendicular and parallel to the adsorption surface
(which involve disjoining pressure and surface stress, respectively). Studies of sorption

behavior using the slit pore model date back to the 1950s when Steele and Halsey '



modified the theory of the interaction of gas molecules with a structureless plane to treat
capillary space. In the same spirit, Stoeckli ° calculated the adsorption potential for a slit
pore. Derjaguin and Churaev % addressed capillary condensation in slit pores with the
concept of disjoining pressure. However, disjoining pressure is here used solely to model
phase transition, while the related mechanical effect is not considered. In addition to such
analytical studies, sorption behavior is also extensively studied using numerical

simulations. These studies 2!

show that the hysteresis observed in the sorption isotherm
strongly depends on the pore width and surface energy heterogeneity. Few studies focus
on the sorption-induced deformation in slit pores by looking at the in-pore pressure. It was

shown by Long et al 2628

with GCMC method that the in-pore pressure is strongly
enhanced by confinement of nanopores. As the result, the in-pore pressure, in both normal
and tangential directions, can be several orders of magnitude larger than the bulk phase
pressure in equilibrium. This high in-pore pressure indicates that deformation induced by
sorption in nanoporous material can be significant, and the high sensitivity of the in-pore
pressure over the bulk pressure shows that the variation of deformation can be large during
the sorption process. Moreover, the results by Long et al also show that the pressure tensor

differs in normal direction and longitudinal direction, indicating an anisotropic

deformation pattern. Similar high in-pore pressure and related deformation are also given

d 2930 14 31

by other works employing either GCMC metho or density functional theory
However, a great limitation of works stated above is that the pore systems built are not
deformable, thus one can only deduce the deformation by assuming a mechanical
constitutive relationship (Hooke’s law for instance). A deformable slit pore model was

considered by Schoen et al 3>

where the porosity is located between two Einstein solid
substrates (i.e. each atom is attached to its original position through a harmonic potential).
While giving good results for the normal strain, Einstein solids cannot model the
deformation along the longitudinal direction properly. Indeed, as each solid atom is
connected to a fixed point instead of neighboring atoms, the longitudinal stress depends on
the absolute displacement instead of the relative displacement between neighboring atoms

so non-physical strain fields are obtained.



While many experimental and theoretical studies have been conducted on the sorption-
induced deformation of nanoporous materials, most research has been limited to a single
deformation mechanism out of the three at play in real materials. In this paper, we aim at
characterizing the contributions of these different mechanisms in sorption-induced
deformation with the help of a realistic slit pore model described at the molecular scale.
The hysteresis observed in sorption and deformation at the single pore level is also

discussed.

2. Models and Methods

If for langmuir (or equivalent) you need to have subsections numbering as well

Preparation of the solid model

In this paper, we build a slit pore model composed of two atomic solid substrates (see
Figure 1). Each substrate, which is made up of two layers of solid atoms, is first generated
in a simple cubic crystal with a lattice parameter a = 0.3822 nm. To avoid crystallization
of the confined liquid that would be induced by the use of a crystalline solid surface,
amorphization of the subtrates is achieved by applying a random spatial displacement in
the x-y plane to each solid atom. Note that the solid surface remains plane as no extra
roughness is introduced. Then, a harmonic bond is added between each pair of nearest
neighboring solid atoms to mimic a covalent chemical bond as in real solids. To further
reduce the problem complexity, we classify all the bond lengths modified into 20 length
bins and replace each with the average length of its corresponding bin. This allows
describing the system by specifying just 20 different harmonic bonds instead of specifying
parameters for every bond length. However, the replacement introduces pre-stresses into
the substrates which need to be relaxed before sorption simulation. Specifically, the solid
model is relaxed at constant temperature 87 K using a Molecular Dynamies (MD) run in

the NVT ensemble. Using the strategy above, one can produce any desired stiffness of the



substrate by tuning the bond strength. In this work, the stiffness of the solid substrates is

set to 10 GPa.

As for the longitudinal direction, the substrates are continuous solid materials with a
stiffness which solely depends on the bond strengths. I don’t undertstand the previous
sample: why do you say that it s continuous? If it s made of atoms, it s not really
continuuous. As for the normal direction, the stiffness arises from the surrounding
nanoporous void which provides a certain stiffness during deformation. As the two
substrates of the slit-pore model are separated by the pore space, they can move freely in
the normal direction so that we add a linear spring of a force constant k connecting the two
solid substrates to account for the stiffness in the normal direction. Specifically, the spring
connects the centers of mass (COM) of the two outer layers of solid atoms and only
accounts for the relative displacement in the normal direction. One advantage in doing this
is that one can reproduce any target modulus in the normal direction by tuning the spring

constant k. In fact, k can be related to Young’s modulus in the normal direction E_.:

E,=77 ©)

where Lx, Ly, L, are the sizes of the solid model in the x, y, z directions, respectively.



Figure 1. Deformable atomistic slit pore model used in the present work. The slit pore
model (right) is assumed to be taken from a linear elastic porous medium containing slit
pores (left). The mechanical effect of surrounding material is simply described using a
spring connecting the two substrates. The longitudinal and normal directions are defined

as the y and z directions, respectively.

Simulation details use subsection numbering

As both sorption and deformation arise at the molecular scale, we use hybrid molecular
simulations including both Grand Canonical Monte Carlo (GCMC) and Molecular
Dynamics (MD). The GCMC method, which is often used to determine sorption isotherms
in various materials, fails to model the sorption-induced deformation directly as it relies on
the Grand Canonical ensemble which imposes a constant volume (and therefore does not
allow deformation). On the other hand, MD allows the deformation of the material but
cannot model the sorption process. Thus, we employ a hybrid GCMC/MD method, which
runs iterations of GCMC and MD simulations until an equilibrium state is reached.
Specifically, each block of GCMC and MD includes 1000 trial insertion/deletion attempts
of the fluid molecule and 1000 steps of Verlet integration of MD. In this work, 10° blocks

are carried out to reach equilibrium.



Argon is taken as a simple prototypical adsorbate model and is described using the 12—6

Lennard-Jones (LJ) potential with o = 0.3405 nm and &, /k; = 119.8 K (ks is the

Boltzmann constant). The solid-fluid interaction is also modeled using the LJ potential with

o,=0.45nm and ¢; = 2¢, . The mechanical properties of the solid are solely controlled

by the harmonic bonds and the spring described above. The sorption process is carried out
at a constant temperature 7 = 87 K. The simulation box boundaries are made periodic in
all the three directions of space. In the y and z directions, some void is left between the
substrates and the box boundary to allow the deformation. However, this additional space
is not accessible for the argon atoms so that it cannot be considered that the stress imposed
in this direction corresponds to the argon gas pressure imposed through the use of constant
chemical potential simulations. I modified the previous sentence, please check that it is ok.
To prevent any tangential drift of the upper and lower solid plates during the simulation,
the center-of-mass position of each solid plate is constrained along the tangential direction
(v and z direction) by adjusting the coordinates of the atoms every timestep while

maintaining relative coordinates of any pair of atoms in the solid plates.

3. Results and discussion

Sorption and strain isotherms

The sorption isotherms are shown in Figure 2 (a,top). Starting from an empty pore, upon
increasing the pressure, adsorption starts with a film forming at the solid wall at low relative
pressure (Figure 2 b(I)) - this domain is referred to as “film region” in what follows.
Capillary condensation (Figure 2 b(II)) occurs at a certain chemical potential at which the
vapor phase between the liquid films is replaced by a liquid phase forming menisci - this
domain is referred to as “filled region”. Afterwards, the adsorption amount increases
gradually as the menisci at the two open ends flatten. On the other hand, desorption starts
with the retreating of menisci (Figure 2 b(IlI)) until the fluid separates at a certain relative

pressure and only adsorbed films are left on the solid walls. This process is referred to as



capillary evaporation. The difference in the chemical potential at which capillary
condensation and evaporation occur results in a hysteresis loop in the sorption isotherm.

The simulated sorption behavior is consistent with experiments and theories conducted by

other researchers 3637
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Figure 2. (a) Sorption isotherms (top), normal strain (center) and longitudinal strain
(bottom) as observed from molecular simulation. The adsorbed amount is given in pore
density n which is defined as n = N/V, where N and V are the number of adsorbed
molecules and pore volume, respectively. The open and closed symbols represent the
adsorption and desorption branches, respectively. The dashed lines are the strain isotherms
in the filled region predicted using Eq. (3). (b) Fluid density map corresponding to points
I, IL, I in (a); (c) Strains &, and &yy as a function of adsorbed amount n. The black and red
symbols correspond to the normal strain €., and longitudinal strain &yy, respectively. The

open and closed symbols represent the adsorption and desorption branches, respectively.



Sorption results in deformations in the normal and longitudinal directions as shown in
Figure 2 (a) (center and bottom). In the normal direction, no significant deformation is
observed in the film region during adsorption until condensation occurs where an abrupt
shrinkage occurs along the phase transition. In the filled region, as the pressure keeps
increasing, the shrinkage reverts back to zero strain as the menisci flatten. Upon desorption,
shrinkage increases in a reversible fashion as the relative pressure decreases until
evaporation occurs. Afterwards, as the pressure keeps decreasing, the strain goes back to
zero in the film region. In the longitudinal direction, shrinkage is observed even at very
low relative pressures in the film region and reaches a maximum at a point around 0.15
p/po. Then, shrinkage decreases as the relative pressure keeps increasing in the film region
(the origin of the maximum in the longitudinal shrinkage will be discussed below). A small
yet abrupt shrinkage is observed at the condensation point. In the filled region, the
longitudinal strain increases back to zero in a fashion similar to that observed for the normal
strain. Upon desorption, the longitudinal strain decreases beyond the condensation point
and jumps at the evaporation point back to the strain observed upon adsorption in the film

region.

Altogether, the results above show that the system deforms quite differently in the normal
and longitudinal directions in the film region while both normal and longitudinal strains
follow the same trend in the filled region. A pronounced hysteresis is observed in both the
normal strain and longitudinal strain isotherms. Obviously, this hysteresis is concomittant
with the hysteresis observed in the sorption isotherm. However, no hysteresis is found
when plotting the strain as a function of the adsorbed amount in Figure 2(c), therefore

showing that the strain can be unambiguously defined for a given fluid configuration.

Deformation mechanisms

For the normal direction, the deformation is driven by the internal normal pressure of the

fluid, pz. In the film region, the two films are separated by a vapor phase which is in contact



with the vapor reservoir located outside the porosity. Considering the force balance in the
z-direction, we get p,, ~ p where p is the vapor pressure in the reservoir. Thus, the maximum
vapor pressure that can be achieved in the film region is around 6000 Pa, which corresponds
to the condensation pressure. Given the modulus E,,=5 GPa used to maintain the two pore
surfaces at a distance corresponding to the nominal pore size (see the definition of the
spring used in the section method), the expected strain in the film region

&=plE_<1.2E-6 please use scientific notation for Langmuir not engineering notation:

1E-6 should be 10 is negligible in agreement with the values obtained in our molecular
simulations. However, in the filled region, the pore space is filled with a closely packed
liquid phase so that two mechanical effects arise: (1) the meniscus formed at the open ends
imposes a Laplace pressure on the liquid and (2) the packing behavior of the atoms in the
liquid phase can introduce a disjoining pressure term. The pressure due to the meniscus is

given by the Laplace pressure:

RT
py—p, = ——Infr 0)
VL Py

where R, 1s the ideal gas constant, V. is the molar volume of the condensed phase, T is the
temperature, py and p; are the pressures of the vapor and liquid phases, respectively. Under
the condition of linear elasticity and small deformation, the strain in the normal direction

caused by the Laplace pressure can be calculated as:

gZI; _Pv— P _ RgT In Py
E VIE.  DPsr

iz

©0)

As shown in Figure 2 (a), this estimated £’ is in reasonable agreement with the simulated

normal strain but with a constant offset. This indicates that the variation of strain with the
relative pressure in the filled region is mainly driven by the variation of the Laplace
pressure. The constant offset in Figure 2 (a), which corresponds to an additional term
arising from the liquid pressure, is thought to be due to the disjoining pressure. Generally
the disjoining pressure is strongly pore size dependent and decays while oscillating upon
increasing the pore size. It indicates that in our simulation the disjoining pressure is

negative so that further shrinkage with respect to the Laplace pressure effect applies. Note



that this disjoining pressure only persists in the filled region as the surfaces see each other
through the liquid phase. In contrast, in the film region, the two films are separated by the
vapor phase so that they do not interact with each other and the disjoining pressure becomes
negligible (we note that the pore size is larger than the interaction cutoff used in our

simulations so that no disjoining effect is expected in the gas phase).

For the longitudinal direction, significant deformation is observed in the film region. This
is generally explained by the surface stress. However, a detailed analysis of the strain
isotherm at very low relative pressure indicates that shrinkage starts at the very beginning
of the adsorption process — i.e. even before a single-layer film is formed. As shown in
Figure 3a, the strain decreases (increasing shrinkage) with the adsorbed amount with a
steep initial slope, therefore indicating that the effect of scattered fluid atoms on the
deformation of the substrates can be very significant. Figure 3b illustrates the film
formation process of the first layer, showing the densification of the adsorbed atoms at the
solid surface. More specifically, the adsorbed fluid atoms make the solid shrink to

maximize the density of fluid-solid interactions.

(a) (b)
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Figure 3. (a) Longitudinal strain as a function of pore fluid density before the completion
of first adsorbed layer. (b) Typical molecular configuration showing the adsorbed film at

points (I) (Il) (IIT) in (a).



To further illustrate the longitudinal shrinkage observed in the film region, we consider the
simple following model where adsorbed atoms interact with solid substrate as shown in
Figure 4(a). We use in this model the same solid-liquid Lennard-Jones interaction potential
used in the molecular simulations. The initial distance between nearest neighbor solid
atoms is taken to be 0.38 nm. Because of the additivity of the energy for liquid-solid pair
interaction potentials, the energy of the system can be expressed as the sum of solid-solid,
solid-liquid and liquid-liquid energy terms:

U= USS (gyy) + USL(gyy) + ULL(S}')')

12 6 12 6 (0))
2 O O o O
=Ce? +4g, Z(_Rilfz - —Rig )+ 4, [(a);)‘z - (a)aff)”]

Here the solid-solid, solid-liquid and liquid-liquid energy are Uss, UsLand UrL. The solid
is assumed to behave in a linear elastic fashion so that Uss is expressed as a quadratic strain

2

term, Cé¢; ,

where C is the elastic constant. Both UsL and ULL are expressed in terms of a

LJ potential. The distance between the i-th solid atom and the liquid atom is R; while the
distance between the neighboring solid atoms is a. For the sake of simplicity, the distance

between the neighboring gas atoms is written wa where @is the distance ratio between gas

atom distance and solid atom distance. By minimizing U, one can get &, at equilibrium.

yy
Let us now consider the very simple situation where only one liquid atom is adsorbed at
the solid surface. As shown in Figure 4 (b), the solid-liquid interaction energy (black curve)
increases with the strain, which indicates that the system can reach lower energy level upon
shrinking. Now if we take into account the contribution of the elastic energy (blue curve),
we find an energy minimum at a negative longitudinal strain, which indicates that the solid
undergoes shrinkage because of the solid-fluid interaction. Another important factor is the
2D internal film pressure which arises from the fluid-fluid interaction energy Ust. At very
low relative pressure, the argon atoms are far from each other which results in small
attractive inter-molecular forces and therefore a relatively small negative pressure
contribution. Considering the force balance in the longitudinal direction, the negative fluid

pressure will cause additional shrinkage of the solid substrate as indicated by the solid red



line (w=5) in Figure 4(b). As the relative pressure increases, the adsorbed argon film
becomes denser (@ decreases) and the amplitude of the attractive inter-molecular forces
becomes larger; as a result, the liquid pressure become more negative which leads to a
larger shrinkage strain in the solid substrate (dashed red line, @= 3 in Figure 4 (b)).
However, if the film density keeps increasing, the attractive inter-molecular force decreases
and eventually becomes repulsive, resulting into a swelling strain of the solid substrate

(w=1, dotted red line in Figure 4(b)).

In the filled region, the longitudinal strain is found to follow a similar trend with that of the
normal direction: abrupt shrinkage at condensation and evaporation points. The magnitude
of shrinkage decreases as the relative pressure increases, which indicates that the Laplace
pressure also takes effect in the longitudinal direction (Eq. (5) also applies by substituting

EZZ Wlth Eyy).

a 2r ‘ I I
(@) (b) 1} [’M
,(1) : - ! ) Usf .
2 E gl ,
- .~ - 0 ' =
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Figure 4. (a) Schematic view of a system consisting of a solid substrate and adsorbed gas
atoms. G and S represent gas and solid atoms respectively. The solid-solid, solid-gas, gas-
gas distances are @, Ri, and wa. (b) Relationship between the system energies and the
tangential strain at different film density. The tangential strain at equilibrium corresponds

to the minimal energy at each density. As the film density increases, the strain can turn



from negative to positive in agreement with the molecular simulation reported in the
present work. [ have a problem with your drawing because wa = a so that w = 1. You need
to plot a figure that better illustrates what you have in mind. Otherwise it looks like you 11

always have w = 1. Can you plot something that shows w different from 1?

Isosteric enthalpy of adsorption Again use subsection numbering

The sorption-induced deformation of the slit pore can also be investigated by checking the

isosteric enthalpy of adsorption of the system along the adsorption/strain isotherm:
4, =(EYXN) ~(EYCN) +D) =g} + g, + 45/ 0)

where E is the potential energy of the system and N is the adsorbed amount. Because of the

additivity of the energy, the isosteric heat of adsorption can be split into three contributions:
The solid—fluid ¢)" , fluidfluid ¢** and solid-solid ¢>° contributions. There s

something really wrong here. You can simplify by gst = - <E> which is obviously not

correct. Is this what you did? You need to use the following formula:

1= RT— &0 _ gy TN = OXN)

KNy (N — (N))?

According to Fig. 5 ¢ decreases and g~ increases with increasing the adsorbed amount

until a plateau is reached. These results are consistent with the data reported by other
researchers. This can be attributed to the fact that at low adsorbed amount the enthalpy
change associated with adsorption mainly arises from the contribution of solid-fluid
interaction as the fluid molecules are adsorbed at the solid substrate. On the other hand, at

larger adsorbed amounts, the enthalpy change mainly arises from the fluid-fluid interaction.
The deformation of the system can be checked by looking at ¢>° since it characterizes the
change of deformation energy with adsorbed amount. According to Figure 5, ¢’ is

relatively small compared to the other two contributions, which indicates that the effect of

deformation on the sorption process is not significant. On the other hand, we find a larger



contribution of ¢>° in the filled region as shown in the inset of Figure 5. This can be
attributed to the larger dependence of the strain on the adsorbed amount (larger 0¢/ON) .

Considering the linear elasticity of the solid substrates, ¢°° should satisfy

ouU*s 1 0&?
SS z——:——v E [ 0
s ON 2 Z " ON ©

X, .2

As shown in Figure 2 (c), the slope is steeper in the filled region which results in a larger

ss
q -

15 .

0.4

a1

(KJ/mol)

g (KJ/mol)

n (nm?)

Figure 5. Different contributions to the isosteric enthalpy of adsorption as a function of

the adsorbed amount n. The black, purple, blue, red symbols represent g, , @t qt . q>



respectively. The inset shows a zoom-in the data for ¢_° . The open and closed symbols

represent the adsorption and desorption data, respectively.

Effect of temperature and solid/fluid interaction strength

We further discuss the influence of two factors on the sorption-induced deformation: the

solid-fluid interaction strength and the temperature. The solid-fluid interaction strength is
tuned by changing the solid-fluid bonding energy &, in the LJ potential. As shown in

Figure 6(a), the solid-fluid interaction does not strongly affect the normal strain. This can
be attributed to the fact the normal strain is mainly governed by the Laplace pressure, which
is independent of solid-liquid interaction as a first order approximation. On the contrary,
the solid-liquid interaction significantly influences the longitudinal strain in the film region.
More in detail, a stronger solid-liquid strength leads to larger shrinkage magnitude. As the
shrinkage is caused by the attractive force between the solid and liquid atoms, a stronger
solid-liquid strength induces larger attractive forces, resulting in larger shrinkages in the
film region. On the other hand, as the longitudinal strain is governed by Laplace pressure
in the filled region, the influence of the solid-fluid interaction becomes negligible in the
bulk phase region. The temperature plays an important role on the normal strain by
influencing the Laplace pressure (Figure 6b). We find that the simulated strain is consistent
with the values predicted from Eq. (3). For the longitudinal strain, the temperature does not
have a significant influence in the film region. Although the change of temperature
influences the liquid pressure, the strain is mainly governed by the solid-fluid interaction
and the virial part of the liquid pressure. On the other hand, the influence of the temperature
on the longitudinal strain in the bulk phase region is similar to that on the normal strain as

they are both governed by the Laplace pressure.
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Figure 6. Effect of different factors on the strain isotherm. (a) Effect of solid-fluid
interaction strength: the red, blue and black symbols represent different interaction
strengths: esf = &fr, 1.5 &sr and 2.0 &, respectively. The open and closed symbols represent
the adsorption and desorption data, respectively. The black solid line is the strain isotherm
as predicted by Eq. (5). (b) Effect of temperature: the red, blue and black symbols represent
data for 7= 100 K 92.5 K and 87 K. The open and closed symbols represent the adsorption
and desorption data, respectively. The red and black solid lines are the strain isotherms as

predicted by Eq.(5) for 7= 100 K and 87 K, respectively.

4. Conclusion

In this work, the sorption-induced deformation in an atomistic slit pore is simulated. We
find that the sorption-induced deformation is governed by different mechanisms depending
on the adsorption region considered. In the liquid-filled region, the Laplace pressure is
dominating both the longitudinal and normal strains. In contrast, in the film region, the
normal strain can be neglected while the longitudinal strain is driven by both the solid-

liquid attractive forces and the 2D pressure in the liquid film.
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