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Abstract 

Sorption hysteresis in nanoporous polymer is an intriguing phenomenon that involves coupling 

between sorption and deformation. Based on the mechanism revealed at the microscopic level using 

molecular simulation, a poromechanical model is developed capturing all relevant physics and 

yielding a quantitative description. In this model, the coupling between sorption and deformation 

is described by a poromechanics framework. More in detail, an upscaling process from the 

molecular mechanism is implemented to model the hysteresis through the state change of each 

element upon deformation. We provide two solutions of the model, a numerical one based on the 

finite element method and an analytical one based on uniform strain assumption. The results from 

both solutions agree well with the molecular simulation and experimental results, therefore 

capturing and describing adequately sorption hysteresis. The developed model illustrates that water 

forms different structural distributions upon adsorption and desorption. A parametric study shows 

that sorption hysteresis is influenced by material properties. We find that a softer material with 

stronger adsorbent-adsorbate interaction tends to exhibit more profound sorption hysteresis. The 

developed model, which relies on the concepts of sorption-deformation coupling and multi-scale 

modeling from atomistic simulations to domain dependent theory, paves the way for a new 

direction of modeling sorption hysteresis. 
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1. Introduction 

Sorption hysteresis has been observed in various adsorbent-adsorbate systems with sorption loops 

in ad- and desorption of different shapes and sizes.1–5 Depending on the material and pore structure, 

the origins and features of sorption hysteresis can be very different. For nanoporous polymers, an 

important feature of the hysteresis is its persistence over the entire hygroscopic range, i.e. 0%–100% 

relative humidity (RH) 6–10. Such a feature is not present in the typical hysteresis types defined by 

the International Union of Pure and Applied Chemistry (IUPAC)11, where hysteresis manifests 

itself only at higher relative vapor pressure and is mainly attributed to capillary condensation 

hysteresis in mesoporous materials. This persisting hysteresis has been observed for nearly a 

century in nanoporous polymers and related materials, such as wood and other materials of vegetal 

origin, and remains a perplexing – only partly explained – feature 8,9. 

There are some hypotheses venturing at explaining the origin of hysteresis in nanoporous polymers. 

Capillary condensation hysteresis and pore ink-bottle effects 6 are the most common explanations 

for sorption hysteresis.12,13 However, attributing the hysteresis to the non-uniqueness of the surfaces 

of capillary menisci of liquid water in larger pores cannot apply to nanoporous polymers. The pore 

sizes of polymers are generally smaller than 2 nm and capillary condensation/evaporation cannot 

happen in such small pores.14–17 Moreover, in  the picture of capillary condensation, low RH 

sorption consists of the reversible formation of an adsorbed – a feature which is not observed in 

nanoporous polymers, where hysteresis persists almost over the entire isotherm. Bažant and Bazant 

18,19 explain hysteresis, in general and not specifically for nanoporous polymers, as follows. They 

consider distances between atoms to be non-unique even at the same energy state which means that, 

at the same chemical potential, two states – of positive or negative pressure – are possible and 

finally leads to hysteresis. This mechanism is derived under the assumption of rigid sorbent, which 

means that the hysteresis should also manifest itself when the deformation is constrained. 

Molecular simulations show that hysteresis vanishes at fixed displacement boundary conditions 

prohibiting any deformation during sorption for nanoporous polymers14, which indicates that this 

explanation may not apply. The other category of explanations relies on structural changes of 

nanoporous polymers upon sorption. Urquhart et al. attribute the hysteresis in the sorption of water 

by cellulose to an irreversible coupling/decoupling process of hydroxyl groups within the cellulose 

structure.7,10,20 The uncoupling occurs during adsorption while the recoupling occurs at a relatively 

delayed stage in the desorption process, leading to a reduced number of sorption sites in the course 

of adsorption processes. Along this line, Filby and Maass conclude that there is a greater proportion 

of bound water in cellulose during desorption than during adsorption.9 Though no direct proof was 
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given and the mechanism leading to the irreversible coupling and uncoupling of hydroxyl groups 

was vague, this hypothesis depicted a rough but promising microscopic picture at the molecular 

level of sorption hysteresis in nanoporous polymers. Chirkova et al. pointed out, when studying 

wood-related polymers, that hysteresis in wood was caused by the low modulus of elasticity of cell 

walls, of which pores were closed upon removal of water, blocking the complete release of the 

water from wood pores.21 This explanation related the origin of hysteresis to structural changes of 

the polymers caused by mechanical deformation. Recently, we verified the hypothesis given above 

by molecular simulations and proposed a comprehensive explanation of hysteresis based on 

coupling between sorption and structural change caused by swelling.14 By examining the hydrogen 

bonds, the sorption hysteresis was explained by the fact that polymer swells to form water–polymer 

hydrogen bonds upon adsorption while these hydrogen bonds do not break upon desorption at the 

same vapor pressure.  

In terms of modeling sorption hysteresis at the mesoscopic scale, the main method is a 

phenomenological approach named the Independent Domain Theory (IDT). Stemming from the 

work of Preisach22 for magnetism hysteresis, the IDT was developed by Everett for sorption.23,24 

(See also Ref. 25 for a revisited version of Everett’s IDT and its applications to scanning curves 

within sorption hysteresis in porous media). IDT decomposes the porous system into an assembly 

of independent domains. Each domain, which is generally termed as hysteron, has inherent 

hysteresis, being filled and drained at different vapor pressures independently of its neighbors. The 

hysteretic feature of whole system can be reproduced by adjusting the population of hysterons, an 

integrated example is given in Ref. 26. IDT has a clear physical background when addressing 

systems with macropores, where the hysteresis at the single pore level is represented by a hysteron. 

Hysteresis is then the outcome of a set of hysteretic pores described by a distribution of elements 

each showing a different vapor pressure for filling and emptying. Apart from macroporous media, 

IDT has also been successfully extended to address the sorption hysteresis in nanoporous materials 

by implementing sorption features at the nanoscale into the model. This includes for instance works 

in which the contribution from the liquid film formed prior to capillary condensation was added to 

the original IDT 25, Pore network features such as percolation and finite lattice effects were also 

considered by Pinson et al 27. In these approaches, the solid hosts are treated as stiff materials so 

that the impact of deformation on sorption hysteresis is neglected de facto. However, IDT deviates 

from the key nature of the nanoporous polymers in two aspects. First, no hysteresis is present at 

single pore level for nanoporous polymers because of the limited pore size, which directly makes 

the application of the concept of hysteron questionable. Second, the sorption-induced deformation 

in nanoporous polymers is pronounced and the mechanical interactions between neighboring pores 
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are the major cause for the hysteresis according to molecular simulations, whereas the mechanical 

interaction between neighboring hysterons is omitted in IDT by the assumption of neighbor 

independence. Though one can still insist on employing IDT to model sorption hysteresis in 

nanoporous polymers 28–31, IDT in this case is an unphysical approach, since it does not take into 

account the mechanical coupling between different elements. Inspired by IDT, a promising option 

is to include the coupling physics between sorption and deformation leading to mechanical 

interaction between different elements into the domain theory, extending the framework from 

‘independent’ to ‘dependent’. The model with this coupling concept can be referred to as dependent 

domain model (DDM). Guyer et al. showed that, by implementing the mechanical constitutive 

relationship together with the sorption-deformation coupling mechanism into the domain theory, 

one can capture the sorption hysteresis caused by sorption-induced deformation.32 The required 

specification of the coupling constitutive relationships between deformation and sorption can be 

done based on the poromechanical framework, where the influence of the sorption is integrated by 

considering an extra stress term – namely the sorption-induced stress. 33–38 Several extensions have 

been made in poromechanics to model the coupling of sorption and deformation for nanoporous 

solids.36,39–43  For nanoporous materials with small sorption-induced deformation, the sorption-

induced stress can be calculated from the undeformed configurations assuming negligible 

deformation impact on the sorption process. For instance, Zhou et al42,44  estimated the structural 

relaxation of wet granular materials using molecular dynamics (MD) including the precalculated 

sorption-induced stress from density functional theory (DFT). In this approach, by looking at 

capillary forces at the nanograin level, sorption-induced deformation at the nanoscale such as 

nonaffine local deformation was discussed in detail. However, for nanoporous polymers with 

relatively large deformation, like those considered in the present work, the impact of deformation 

on the sorption process cannot be neglected as the pores of the deformed polymers lead to a new 

adsorption energy landscape45–47. The change of energy landscape can even lead to decrease of 

sorption amount upon adsorption, which is termed as ‘negative gas adsorption’47,48.  In practice, 

such feedback between deformation and adsorption can be modeled by employing hybrid molecular 

simulation techniques14, which account concomitantly for these poromechanical effects. Thus, the 

combination of DDM and poromechanics serves as a potential candidate to describe sorption 

hysteresis in nanoporous polymers. 

In this work, a theoretical model based on the coupling physics between sorption and deformation 

as observed at the molecular level is developed by integrating poromechanics with DDM. The 

constitutive relationship of each domain is built based on poromechanics considering the nonlinear 
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constitutive behavior of the material. With the newly developed model, the roles of different 

parameters regarding mechanical and sorptive properties on hysteresis are studied. 

2. Methods 

2.1 Mechanism of hysteresis at molecular level 

 

Figure 1 (a) Water sorption isotherm of amorphous cellulose (AC). (b) Strain dependence on 

sorption amount. Black dots and blue diamond represent the molecular simulations 14 and 

experimental results 49 respectively. Adsorption and desorption are represented by open and closed 

symbols, respectively. 

The DDT proposed in this work for nanoporous polymers is based on the coupling physics found 

at the molecular scale, which has been documented in Ref. 14 by a detailed molecular simulation 

study on amorphous cellulose (AC). Here, for the sake of completeness, we briefly review the 

mechanism of the coupled phenomenon and related hysteresis.  One can  refer to Ref. 14 for details 

with regard to the molecular simulation. Figure 1(a) shows the water sorption isotherms obtained 

from molecular simulations and experiments49 at 300K. The sorption amount n is defined as number 

density of adsorbed water molecules, i.e. n = NW/V0, where NW is the number of adsorbed water 

molecule and V0 is the volume of dry AC. The sorption amount n increases rapidly with RH in the 

low RH region, less rapidly mid-course until an inflection point, and then significantly as 

subsequent sorption occurs. The sorption amount shows a hysteresis over the entire RH range from 

0 to 1. However, when plotted against the volumetric strain ε, which is defined as ε = (V- V0) / V0, 

the hysteresis vanishes as shown in Figure 1(b). This indicates that the same amount of water 

molecules produces the same swelling effect independently of sorption history, which is attributed 

to sorption-induced swelling being mainly caused by the volume change resulting from adding new 

water molecules. One should note that this is only valid for homogenized quantities. For local 
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deformations and moisture concentrations, this unique relationship may not hold true. Depending 

on the local pore configuration formed by the polymer chains, the same number of water molecules 

can lead to different local strains. This can lead to nonaffine local strains and their relationship with 

the homogenized strain have been discussed in detail by Zhou et al42. 

 

Figure 2 The dependence of cellulose to cellulose (HBCC, black) and cellulose to water hydrogen 

bonds (HBCW, red) on the sorption amount as obtained by means of molecular simulation. Open 

and closed dots represent adsorption and desorption respectively. Hysteresis is shown between 

adsorption and desorption of HBCC and HBCW with HBCC lower in desorption and HBCW higher in 

desorption. 

 

Considering the very small pore size in such nanoporous polymers (typically ~ 1 nm or less), 

hysteresis observed here is assumed not to stem from capillary condensation effects 50. Indeed, 

there is a large body of theoretical, molecular simulation, and experimental results showing that a 

simple relationship between the temperature T and the critical pore size D below which pore filling 

becomes reversible: Tc − T~ 4λTc/D (λ is the size of the confined molecule, ~ 0.28 nm for water, 

and Tc is the bulk critical point)16,51. Based on these observations, as the pore size in cellulose is 

below ~ 1 nm, no capillary condensation hysteresis is expected at T = 300 K. Using molecular 

simulation, the sorption hysteresis was found to be related to the formation of a hydrogen bond 

network as shown in Ref  14. As shown in Figure 2, more cellulose to cellulose hydrogen bonds, 

HBCC, are broken because of swelling when AC polymer undergoes adsorption. The broken HBCC 

expose hydroxyl groups, which serve as additional sorption sites and are then saturated by newly 

adsorbed water molecules. As a result, we see the density of cellulose to water hydrogen bonds, 

HBCW, increases. However, the HBCW in desorption branch is higher than that in the adsorption 

branch at the same sorption amount, which indicates that the adsorbed water molecules tend to stay 

with the cellulose chains through HBCW and can only be desorbed at very low RH. Physically, this 
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is attributed to the high binding energy of HBCW.14 Consequently, as the broken HBCC could not 

recover before the desorption of water molecules from the hydroxyl groups, we see less HBCC in 

desorption branch. Thus, a hydrogen bond HBCC between two polymeric chains is broken at a RH 

higher in adsorption than the RH where it reforms in desorption, leading to hysteresis shown in the 

sorption isotherms.  

The aforementioned mechanism is extracted from the microscopic picture at molecular level with 

the help of molecular simulations of cellulose-water system. Similar sorption hysteresis has also 

been observed in other nanoporous polymer systems, and the adsorbate is not limited to water52,53. 

Though not strictly verified, the mechanism observed in the cellulose-water system can be 

generalized and extended to other systems. As HBCC and HBCW are specific types of solid-solid and 

solid-fluid interactions, exchanging them by other types of interactions, such as van-der-Waals 

forces, does not essentially change the general picture. As a matter of fact, similar mechanism has 

been proposed by Jeromenok and Weber52 to explain the hysteresis of N2 sorption in polymers of 

intrinsic microporosity (PIMs), where the origin of hysteresis is explained by the opening of 

restricted-access pores driven by the acting solvation pressure. The microscopic picture depicted 

by Jeromenok and Weber goes along with HBCC breakage due to the swelling effect in the cellulose-

water systems.   

2.2 Implementation of molecular mechanism in DDM  

When addressing sorption, a domain theory, either dependent or independent, is formulated on the 

concept of porous media and generally does not include per se the concept of hydrogen bond. Thus, 

we develop a new porous medium approach to accommodate with the underlying mechanism of 

hysteresis. To do so, we model the nanoporous polymeric medium as a collection of domains 

containing pores following a certain pore size distribution. As shown by the molecular simulation, 

not all pores are initially accessible to water molecules. For those small pores, the pore size is too 

small to be accessible for a single water molecule. By defining a critical pore size RC, the pores can 

be classified into two classes depending on their pore size R. Sorption can only happen in pores 

with a size R larger than RC so that they are considered accessible or ‘open’ – this corresponds to a 

molecular configuration with broken HBCC between the chains thus large interchain space. Pores 

with a size R smaller than RC are not accessible for water molecules and non-sorptive and are 

therefore considered ‘closed’ – this corresponds to a molecular configuration with bonded HBCC 

thus compact interchain space. Upon opening of a pore, the pore will become filled with water 

molecules, of which the sorption amount increases further with chemical potential and further 

straining of the pore. With these definitions, we can write: 
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where n(µ,ε) is the sorption amount in open pores dependent on chemical potential and strain. For 

simplicity, we assume that the sorption isotherm is a function of chemical potential µ and 

volumetric strain ε. The detailed form of n(µ,ε) will be addressed later.  

Consider now two neighboring domains E1 and E2 containing pores of different pore sizes R1 and 

R2 as shown in Figure 3(a). Without loss of generality, it is assumed that R1<R2. Here we consider 

the case where R1< RC<R2, which means that initially E1 is non-sorptive and E2 is sorptive. In other 

words, E1 is ‘closed’ and E2 is ‘open’. Sorption only happens in E2, leading to swelling of element 

E2. Because of the continuity of displacement between the two elements E1 and E2, element E1 will 

also deform upon the influence of its neighboring element E2. Here we consider the free swelling 

case, i.e., both E1 and E2 are free to deform. Under such boundary conditions, the stretching effect 

of the swollen E2 leads to a tensile straining of the element E1 as well (Figure 3(b)). As a result, the 

pore size of both elements E1 and E2 increases. In this work, the current pore size R is assumed to 

have a linear relationship with the volumetric strain, i.e.  

 0(1 )R R S    (2) 

where R0 is the initial pore size at zero strain and S is a scaling coefficient connecting volumetric 

strain and pore size. E1 remains non-sorptive until R1 reaches RC, where E1 opens and switches from 

a non-sorptive pore into a sorptive pore (Figure 3(c,d)). Upon desorption, the adsorbed molecules 

in E1 are difficult to remove because of the strong adsorbent-adsorbate interaction observed in the 

atomistic results. Thus, water molecules in E1 persists until a much lower RH compared to the 

opening RH in adsorption is attained, resulting in hysteresis in both sorption and deformation 

(Figure 3(e)).  
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Figure 3 Schematic representation of the hysteresis mechanism implemented in DDM based on 

the states of two neighboring domains E1 and E2: (a) E1 and E2 are empty at dry state; (b) adsorption 

happens only in E2, resulting in a tensile straining of E1 and E2; (c) further sorption in E2, leading 

to swelling of the element and breakage of HBCC in E1 and switch of E1 from non-sorptive to 

sorptive as its pore size exceeds RC; (d) increase of sorption amount in E1 after switch; (e) 

desorption of pores E1 and E2, showing that E1 remains in open state, return to original status only 

when all water is removed. Horizontal dot lines refer to the original size of the element. 

 

Now we consider the change of sorption amount in elements E1 and E2 during the procedure stated 

above. As shown in Figure 4(a), upon adsorption, sorption amount in E2 increases from the 

beginning as it is open. In contrast, no adsorption happens in E1 as it is in a closed state. With 

increasing RH, the swelling of element E2 stretches element E1 and its pore size becomes larger 

than the critical pore radius (R>RC) so that E1 switches from closed to open state at RH1 and the 

sorption process starts. Note that a jump of sorption amount in E1 occurs at this point from 0 to a 

finite value according to Eq. (1) as RH is not zero. Upon desorption, E1 remains open until RH2 

and then switches from open back to closed. Note that RH2< RH1 as adsorbed molecules in E1 are 

difficult to remove. Here, for simplicity, we assume that RH2 equals 0, meaning that elements E1 

and E2 desorb in a similar behavior following Eq. (1) (a critical discussion on this simplified closing 

mechanism will be presented in the discussion section). This qualitative image resembles the 

mechanism found in molecular simulations showing that water molecules tend to remain in newly 

generated adsorption sites during desorption until very low RH due to the high binding energy of 

HBCW. As a result, the sorption process of element E1 is hysteretic, which finally contributes to 
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sorption hysteresis of the total pore system. In brief, there are some elements in the porous system 

initially non-sorptive (closed) thus reversible. However, the neighboring elements make them 

switch between sorptive (open) and non-sorptive (closed) by mechanical interaction (stretching and 

compressing). As a result, the system exhibits a pronounced hysteresis loop.   

 

Figure 4 (a) Sorption isotherms of initially closed (E1) and open (E2) pores. The sorption isotherm 

of E2 is reversible (lower) as it remains open upon both adsorption and desorption. The sorption 

isotherm of E1 is hysteretic (upper) as it is opened by neighboring pores during adsorption but 

remains open during desorption. (b) Population dependence of open and closed pores upon 

straining. The dark grey area represents the initial open pores, while the light grey area represents 

the additional pores opened during straining of the material. 

 

Consider now the whole sets of elements in a pore system with a certain pore size distribution, PSD, 

as shown in Figure 4 (b). Initially, all the pores with a pore size above RC are open, the population 

of which is the integration of PSD from RC to infinity (dark grey area). After deformation, the 

swelling strain enlarges the pore size and shifts the pore size distribution rightward, bringing more 

pores initially below RC to cross over the line and join the population of open pores. The effect of 

a right shift of pore size distribution is equivalent to a left shift of the critical value from RC to 

RC/(1+Sε) as shown in Figure 4(b).  

2.3 Poromechanics 

The mechanism given above involves sorption and deformation. Thus, the corresponding 

constitutive relationships must be specified and the coupling between sorption and deformation 

needs to be defined. In this work, we address these aspects within the framework of poromechanics. 

In conventional poromechanics, porosity is accounted for while pore size is not explicitly modeled. 

In our case, however, the pore size is crucial to properly model sorption hysteresis as it is the key 
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parameter controlling the open/close status of the pores. Thus, the pore size must be included in the 

constitutive relationships. To do so, we employ a domain theory and divide the pore system into a 

collection of elements as shown in Figure 5(a). Each element is assigned with a pore size as shown 

in Figure 5(b).  In other words, all the pores within the same element are assumed to have the same 

pore size. An advantage of this strategy for assigning each element one single pore size is that the 

element size can be chosen independently of the pore size, which simplifies the discretization 

process and allows embedding the DDM model at larger scales. In addition, all the pores in the 

same element are assumed to display the same behavior, i.e., they undergo the same strain and 

change their states under the same condition. For simplicity, we assume that all the elements have 

the same porosity so that they can be modeled with the same poromechanics equation. One should 

be aware that this means that the number of pores within each element is not necessarily the same. 

Then, as usually done in domain theory, the PSD of the system can be attained by adjusting the 

population of elements. As each element is assigned a specific pore size, it is easy to determine the 

open/closed state of the element. For elements with a current pore size larger than RC, sorption 

happens and coupling between sorption and mechanics is considered based on poromechanics as 

described below. Otherwise, no sorption occurs and only the mechanics is considered.  

 

Figure 5 Schematic representation of (a) the porous material decomposed into a collection of 

spatial-distributed elements where (b) All elements have an identical porosity. 

 

We model the coupling of sorption and deformation of the open element with the help of 

poromechanics. In agreement with molecular simulations on AC, we follow the assumption made 

by Kulasinski et al. 39 and Zhang 38 that the coupling between sorption and deformation is isotropic 

and the stress deviator is unaffected. With these assumptions, the grand potential density ω writes: 
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 d d d ds T n         (3) 

where s, σ and n are the entropy density, volumetric stress and sorption amount respectively, while 

T, ε and µ are temperature, strain and chemical potential. Note that in Eq. (3) we do not distinguish 

between the liquid and gas phase of adsorbed water molecules as other researchers54,55. This is 

mainly due to the small pore size of the polymer, which is on the order of the range of molecular 

interactions, and therefore all water molecules in a pore interact with the atoms of the polymer 

matrix. As one pore can only accommodate several water molecules, the basic concepts of specific 

surface of the pores as well as adsorbed liquid film become ambiguous. Thus, we treat the adsorbed 

water molecules as a whole and demonstrate the adsorbed amount by a single parameter n. This is 

consistent with the poromechanics method proposed by Brochard et al36 addressing the sorption-

induced deformation in microporous media. The Maxwell relation leads to 
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Integration of the left and right hand sides of Eq. (4) with respect to the chemical potential µ gives 

 0 0d s
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      (5) 

where σ0 is the volumetric stress that prevails when there is no fluid in the pores, σs is the sorption-

related stress, which represents the impact of sorption on the stress state of the system and is coined 

‘sorption stress’ in this work. In the following, stress and strain deviators are not considered, since 

it is assumed that sorption induced deformation is only volumetric in homogeneous isotropic 

materials. Unless notified, the terms stress and strain refer to volumetric stress and strain 

respectively. To apply Eq. (5), the sorption isotherm and mechanical constitutive relationship of 

the dry material, i.e. n ~ n(µ,ε) and σ0 ~ σ0(ε), have to be specified. 

In this work we assume an ideal condition that the polymers are completely dry (without any residue 

water) at the dry state, and we take the strain of the dry state as zero. For cases with pre-strains or 

residue water molecules, one can simply add the pre-strain / residue sorption amount to the total 

strain / sorption amount without changing the following derivation.  For the sorption isotherm, we 

first consider the sorption isotherm at zero strain, i.e. n ~ n(µ,ε=0). It has been shown by molecular 

simulations that the nanoporous polymer at zero strain (no deformation during sorption) yields a 

Type-I isotherm 14, which is consistent with the experiments carried out on other stiff materials 
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with very limited sorption-induced deformation. We adopt the Langmuir isotherm, which is 

suitable to describe the Type-I isotherm, i.e. 

 0
0|

1

n Bp
n

Bp
  


  (6) 

where n0 and B are sorption parameters. n0 defines the sorption capacity while B describes the rate 

of sorption amount increase upon increasing vapor pressure p.  

The strain may affect significantly the sorption process in many aspects. For instance, strain can 

change the distance between the solid and fluid atoms, thus both the rate and capacity of sorption 

can be affected. For simplicity, only the effect of strain on sorption capacity is considered here. 

The sorption amount is assumed to be proportional to the current porosity, as follows 
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Following 36, the porosity ϕ is related to the strain by ϕ= ϕ0(1+Cε), where C is a coupling constant 

and the sorption isotherm dependence on strain can be written as  

 0(1 )
1

n Bp
n C

Bp
 


 . (8) 

Note that the vapor pressure p is related to the chemical potential μ by  

 d = d
gR T

p
p

   (9) 

where Rg and T are the ideal gas constant and temperature respectively. Substituting Eqs.(8),(9) 

into Eq.(5), the sorption stress σs can be  determined as  

 0 ln(1 )s gCR Tn Bp     (10) 

According to Eq. (10), the sorption stress depends monotonically on the vapor pressure. However, 

the sorption stress is derived based on the homogenization of pores with different sizes. One should 

note that, at single micropore level, sorption stress generally exhibits an oscillatory behavior 56–58. 

We now consider the mechanical constitutive relationship of the dry porous material. Since 

Straining of the material increases the inter-chain distance, increases the porosity and also weakens 

the polymer, the tangential modulus K is assumed to decay with the porosity which can be 

expressed as: 
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 0 0 0d d = exp[ ( )]dK K b        . (11) 

where K0 is the bulk modulus at dry state with zero strain, while b is a parameter controlling the 

mechanical weakening of the material. Note that ϕ in Eq. (11) depends on strain ε as ϕ= ϕ0(1+Cε) 

so that the bulk modulus K is a function of strain ε. Combining Eqs. (5),(8) and (11) allows 

predicting and modeling the coupling between sorption and deformation in the open elements. For 

the closed element, only mechanics is involved as no sorption occurs. As a result, the behavior of 

the closed element can be fully characterized by Eq. (11). With these relationships, all constitutive 

equations required for the DDM are available. 

2.4 Parameters Determination  

There are four groups of parameters to be determined in the proposed DDM: parameters describing 

the pore size distribution (PSD), structure-related parameters (ϕ0, C and S), the mechanics-related 

parameters (K0 and b) and the sorption-related parameters (B and n0). The accuracy of DDM relies 

on careful determination of these parameters from the molecular simulation results. First, we look 

at the description of the PSD. As the switch of the elements from closed to open (or reverse) relies 

on pore size, an accurately determination of the initial PSD is needed. The initial PSD is extracted 

from a molecular model of amorphous cellulose previously published in Ref.14. Here we adopt the 

method suggested by Ref. 15 to determine the PSD. The probability f(R0) used as PSD is defined as 

f = dF /dR0 where F is the fraction of pore volume with a pore radius below R0. In practice, f is 

described with a three-parameter Weibull distribution, i.e. 

 

0 shift( )
10 shift

0( ) ( )

R R
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f R e


 

 





   (12) 

where β > 0 is the shape parameter, η > 0 is the scale parameter and Rshift is the shifting parameter 

of the distribution. The obtained PSD is plotted in Figure 6 in comparison with the molecular 

simulation results. The solutions of DDM in the next sections are based on this pore size distribution 

function. 
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Figure 6 PSD determined based on molecular simulation results (blue histogram). The black line 

is the PSD based on a three-parameter Weibull distribution fitted to the molecular simulation data.  

 

There are three structure-related parameters in the DDM: ϕ0, C and S. The initial porosity at dry 

state ϕ0 is determined in the molecular model with a probe with a radius of 0.08 nm. For C, we 

follow the assumption in Ref. 36 that the solid part is rigid and the strain of the system comes from 

the change in porosity, which gives C=1/ϕ0. For S, we consider its relationship with C based on a 

spherical pore assumption. Note that Cε and Sε are the volumetric and one-dimensional change of 

the pore respectively. It is straightforward to write  

 
30

0

= (1 ) 1C S
 

 



     (13) 

Neglecting the contribution of the high order term in ε, we get S ≈ C/3. Thus, S is taken as one third 

of C in the model. 

Table 1 Parameters used for the poromechanics model 

parameter 

units 

n0 

(nm-3) 

B  

(Pa-1) 

K0  

(GPa) 

b 

- 

ϕ0 

- 

C 

- 

S 

- 

value 3.58 0.043 4.01  11.21 0.16 6.25 2.06 

 

For the mechanics-related parameters, K0 and b, that control the stress-strain relationship of the 

solid, we first extract the nonlinear stress-strain curve for the dry material from molecular 

simulations and then fit it with Eq. (11) allowing to determine K0 and b. For the sorption-related 
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parameters n0 and B, we determine the sorption isotherm at zero strain (no deformation allowed) 

by molecular simulations and fit it with Eq. (6) to estimate n0 and B. The determined parameters 

are listed in Table 1. 

 

2.5 Finite Element Solution 

According to Ref. 32, the DDM can be solved using a Finite Element (FE) solver. Practically, one 

can assign an initial pore size to each element of the computation domain of the FE method. 

Depending on the pore size, the element states are classified as open or closed and the 

corresponding constitutive relationships are applied. The state of closed elements changes into open 

during adsorption based on the current pore size and switches back to closed upon full drying in 

desorption. Following this approach, elements with different pore sizes undergo different strains. 

As these elements are assembled together mechanically, they will certainly impact each other 

mutually via mechanical interactions. In this way, the local deformation effect is included in our 

model. 

A 2-D FE model is built with the help of ANSYS 19.0 under the assumption of plane stress. A 

square geometry with unit length is built to represent the solution domain of the nanoporous 

polymers discretized in 20 × 20 elements. A mesh dependent study on different degrees of 

discretization is given in Appendix. For each element, the 2-D 4-node plane stress element 

(PLANE182) is adopted. As shown in Figure 5, the boundaries of the FE model include 4 lateral 

sides. The boundary conditions for displacement include two parts. A first part is the removal of 

degree of freedom at the left side x = xd in the x-direction and at the bottom side y = yd in the y-

direction by assigning zero displacement values in the respective directions: 
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  (14) 

The second part consists of imposing the same displacement in the y-direction at the top side x = xu 

and the same displacement in the x-direction at the left side y = yu using coupled degrees of freedom: 
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  (15) 



17 
 

With the boundary conditions defined above, all four lateral sides of the FE model remain straight 

upon deformation. The coupled behavior implemented in the FE model is nonlinear. The 

nonlinearity comes from two aspects: (1) the material nonlinearity coming from the mechanical 

weakening behavior of single element (bulk stiffness dependent on strain); (2) the system 

nonlinearity stemming from the change of population of open/closed elements. This nonlinear 

problem in FE is solved iteratively using the Newton-Raphson method.  

2.6 Analytical Solution 

The advantage of a DDM model implemented in FE is that it solves numerically the strain field of 

the domain and, from this, the change of pore size of each element is determined. The solution of 

the strain field can be further simplified by introducing the equal-strain condition assuming that the 

strain field is uniform over the whole domain. This allows deriving an analytical solution for the 

coupled behavior of deformation and sorption. For a pore system with a distribution function of the 

initial pore size f(R0) at dry state, the pore size distribution changes into g(R) due to deformation 

after subjecting the sample to a vapor pressure p and an external mechanical loading σext (R0 and R 

are the pore sizes before and after deformation). Elements in this system can be either open or 

closed, which can be represented by a state variable i = o and i = c respectively. Force equilibrium 

at the scale of the pore system requires: 

 
0 s 0 ext

t =o =c

1
[ ( ) ]d ( )d

i i

V V
V

     
 

   
 
    (16) 

where Vt is the total volume of the system and σext is the external stress loading, which is zero for 

the free swelling case. 

=o

 d
i

V  and 

=c

 d
i

V  represent integration over the volume of open and 

closed elements, respectively. Upon adsorption, the number of open elements changes because of 

the change in pore size. By introducing  d /  ( )dtV V g R R   into Eq. (16), the latter equation 

becomes 

 

c c

0 s 0 ext[ ( ) ] ( )d ( ) ( )d
R R R R

g R R g R R     
 

      (17) 

Note that R is a function of ε as indicated in Eq. (2). Using Eq. (2) to transform the integration 

limits in Eq. (17), we get 
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      (18) 

Note that the lower limit of integration on the initial pore size distribution f(R0) in Eq. (18) is 

transformed from the critical pore size RC to the nominal critical pore size RCC(ε) =RC/(1+Sε), which 

means all the pores with initial pore sizes larger than RCC are sorptive. For the swelling case, ε is 

positive which leads to RCC<RC. This means that some pores with initial pore sizes lower than RC 

are opened and become sorptive upon swelling. As the swelling strain increases, RCC becomes 

smaller and more pores switch their state. Given the initial pore size distribution of the system f(R0), 

the strain of the system along the adsorption branch can be analytically determined  
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For the desorption branch, as all the opened elements switch back to closed upon full drying at RH 

= 0, the population of opened elements does not change until full drying. Thus, α does not 

dependent on strain and remains at the maximum value reached upon adsorption, i.e., 
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    (20) 

where εmax is the maximum strain reached along the adsorption branch. 

 

3. Results 

The results of the DDM implemented in FE (DDM-FE) model are plotted as triangles in Figure 7. 

The system undergoes swelling during adsorption which leads to a shift of the nominal critical pore 

size value RCC from 0.28 nm down to 0.0824 nm as shown in Figure 7(a). The sorption isotherms 

show good agreement with molecular simulation results at free swelling conditions (Figure 7(b)): 

type II sorption isotherm and hysteresis persisting over the full range of RH. Figure 7(c) compares 

the strain isotherms obtained by DDM-FE and MD simulations, showing that they are in good 

agreement. Figure 7(d) compares the relationship between strain and sorption amount. The results 

of DDM-FE show a linear function from low to high sorption amount region, but with an initial 

convex part in the very low sorption amount region. As shown by molecular simulations, this 
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behavior is due to the presence of free pore space being initially filled at low RH – thus an increase 

in sorption amount does not cause much swelling. Once the initial porosity is filled, the increase in 

sorption amount is linked to the increase in pore space caused by swelling. In this regime, the 

relationship between strain and sorption amount becomes linear. The agreement between DDM-FE 

and molecular simulations shows that this microscopic mechanism is successfully captured in 

DDM-FE. However, it is worth noting that there exists a small hysteresis between the swelling 

strain plotted versus sorption amount, which has not been found in molecular simulations 

previously. Specifically, at the same strain, the system shows a slightly higher sorption amount 

upon desorption. This can be qualitatively explained by more pores being in the open state and 

staying filled during desorption. Thus, sorption happens in more elements at the same strain in 

desorption compared to adsorption, which finally gives a slightly higher sorption amount. However, 

the hysteresis between strain and sorption amount shown by DDM-FE is very limited compared to 

that in sorption and strain isotherms. 
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Figure 7  (a) Change of nominal critical pore size RCC in DDM. PSD used in DDM is depicted by 

the black solid line. Pore sizes generated by the PSD are categorized by the blue histogram. The 

red solid vertical line represents the critical pore size at the initial (dry) state. The blue and red 

dashed vertical lines represent the critical pore size at the saturated state of the DDM-FE model 

and analytical model respectively. (b) Sorption isotherms determined by DDM in comparison with 

molecular simulations. (c) Strain isotherms determined by DDM in comparison with molecular 

simulations. (d) Strain-sorption amount relationships determined by DDM in comparison with 

molecular simulations. For (b-d), the blue triangles represent the DDM-FE solution, with open and 

closed dots representing the adsorption and desorption respectively. The red line represents the 

analytical solution, with solid and dashed lines representing the adsorption and desorption 

respectively. The adsorption and desorption data of molecular simulations are plotted as open and 

closed black dots. 

 

Figure 8 shows the evolution of the open/closed state of elements upon adsorption process. As RH 

increases, the swelling strain increases which leads to more elements in the open state as shown in 

Figure 8. Moreover, it also shows that the switch of state of an element follows a pattern that is not 

totally random. The grey ‘islands’ lose their territory from the borders inwards, which indicates 

that the switch of the elements from closed to open state first happens at the border. Indeed, as the 
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switch can only happen with the help of the stretching effect imposed by neighboring open elements, 

it is easy to understand that the closed elements at the boundary are subjected to a higher mechanical 

stretching effect compared to those embedded within the regions of closed elements. 

 

Figure 8 Distribution of closed (grey) and open (blue) elements at different RH obtained by DDM-

FE.  

 

Figure 9 shows the contour plots of the distribution of sorption amount at three occurrences in both 

adsorption and desorption branches. The distribution is more heterogeneous upon adsorption than 

desorption at the same RH as shown in Figure 9. This can be attributed to the elements opened 

during adsorption remaining open during desorption, which corresponds to the mechanism found 

in molecular simulations (i.e. water tends to remain in between the cellulose chains after breaking 

the HBCC). This microscopic picture is consistent with the density map of hydrogen bonds reported 

in Ref. 14, which shows that there are less clustered water molecules, i.e. more evenly distributed, 

attached to cellulose chains during desorption. 
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Figure 9 Comparison of DDM-FE sorption amount distributions between adsorption and 

desorption at RH=0.25,0.5 and 0.75. Desorption branch shows higher sorption amount at the same 

RH, with a more heterogeneous water distribution.   

 

The results based on the analytical model (equal-strain assumption) are plotted in Figure 7 in 

comparison with the molecular simulations and FE solutions. Figure 7(a) shows that the shift of the 

nominal critical pore size value RCC for the analytical model is in close agreement to that of the 

DDM-FE model, changing from 0.28 nm down to 0.0785 nm versus 0.0824 nm As shown in Figure 

7(b) and (c), the sorption and strain isotherms acquired from the analytical model agree well with 

molecular simulations – both for the adsorption and desorption branches. Finally, Figure 7(d) shows 

a small hysteresis between adsorption and desorption as already noted in the DDM-FE results. 

Comparison between the analytical solutions and DDM-FE results in sorption and strain isotherms 

(Figure 7 (c, d)) shows that the analytical solutions tend to underestimate the sorption amount and 

strain along the adsorption branch, while the agreement is better along the desorption branch. 

Indeed, the system can be viewed as a composite system composed of two different elements: the 

open and closed elements, though heterogeneity originates from the internal load heterogeneity (as 

sorption stress acts only on the open element) instead of the material heterogeneity. The equal strain 

assumption employed in this work basically provides the Voigt average,59 which corresponds to 
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the upper bound of the stiffness. In other words, the equal strain assumption tends to slightly 

overestimate the stiffness compared to the DDM-FE solution. As a result, the analytical solutions 

yield slightly lower strain, leading to lower sorption amount. Along the desorption branch, as most 

of the elements are opened, the system becomes less heterogeneous. Thus, the DDM-FE model for 

the desorption is much closer to the uniform assumption made in the analytical model compared to 

that for the adsorption branch (Figure 9).  

4. Discussion  

4.1 Closing Mechanism during desorption  

As mentioned before, the open/closed state of the elements in DDM has been conceived as 

corresponding to the breakage/reformation of HBCC in molecular simulations. The opening process 

is reflected by the accessibility of pores as a function of strain in the adsorption branch, which 

corresponds to breakages of HBCC. In desorption, it is assumed that all elements only close at zero 

RH. One way of validating this mechanism in DDM is to compare the opening/closing process to 

the change of HBCC in molecular simulations. Or otherwise stated the number of elements 

remaining closed should be consistent with the number of HBCC. Here we define the relative ratio 

of closed elements and HBCC as 
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max min

Y Y
X

Y Y





  (21) 

where X is the relative ratio, Y is the parameter of interest, which is the number of closed elements 

in DDM or the number of HBCC in molecular simulations. Ymin and Ymax correspond to the minimum 

and maximum value taken by Y. The dependence of the closed elements on sorption amount 

obtained from analytical solution in adsorption branch is compared with HBCC from molecular 

simulations in Figure 10(a). A good agreement is found. This indicates that the concept of open 

pores in DDM captures well the breakage of HBCC in molecular simulations. 

In this work, the opened elements are assumed to remain open along the desorption branch until 

full drying. In other words, all the opened elements close together at RH=0, which corresponds to 

the red dashed line in Figure 10(a). This assumption maximizes the hysteresis effect and can be 

deemed as a theoretical bound addressing hysteresis. However, the closing mechanism of the 

opened pores is probably much more complex, and one may assume a more gradual closing process 

of pores in desorption as indicated by the HBCC reforming gradually according to molecular 

simulations.  
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Figure 10 (a) Relative ratio of closed pores under different closing critiria in comparison with 

relative ratio of HBCC in molecular simulations. (b) Sorption isotherms under different closing 

critieria in comparison with moelcular simulations. The open and closed dots represent results of 

adsorption and desorption from molecular simulations. The red solid line represents the adsorption 

results from analytical solution. The red dashed line represents the desorption results from 

analytical solution assuming pores are closed upon full drying. The blue dashed line represents the 

desorption results from analytical solution assuming pores are closed following the closing criteria 

set by Eq.(22). 

 

Figure 11 Dependence of the pore size R on strain . The solid and dashed lines represent the 

adsorption and desorption respectively. R0 is the unstrained pore size at dry state. 

 

Upon adsorption we assumed a linear dependence of pore size R on strain as indicated in Eq. (2) 

(solid line in Figure 11). Based on the molecular simulation results, we propose for desorption 

another relation describing the effect of the presence of water molecules on the delay in pore closing. 
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Assuming that fewer pores close at high sorption amount while more pores close at low sorption 

amount, a nonlinear dependence of pore size R on strain is proposed (dashed line in Figure 11). 

Here, we assume the pore size upon desorption to be a second-order function of strain, i.e., 

 
2

desorption 1 2 3( )|R A A A       (22) 

The coefficients A1, A2  and A3 cannot be determined arbitrarily as Eq. (22) has to remain consistent 

with Eq. (2) in the dry and saturated states, i.e., 
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where εmax is the strain at RH = 1 which is the maximum strain reached in the free swelling condition. 

Moreover, we assume that R(ε)|desorption is a monotonically increasing function over the range [0, 

εmax], i.e.,  
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Considering all the constraints set in Eqs. (23) and (24), A1, A2  and A3 can be determined by fitting 

the obtained relative ratio of closed elements in DDM to HBCC data in desorption with the help of 

least square algorithm. 

The relative ratio of closed pores in desorption is plotted in Figure 10(a) as the blue dashed line. It 

shows that the population of closed pores given by this phenomenological closing model is 

consistent with that of HBCC in molecular simulations. However, Figure 10(b) shows that the 

agreement between sorption isotherms of the analytical model and molecular simulations is not 

improved by this enriched closing model compared to our primary assumption that all opened pores 

get closed at full drying. This indicates that the proper formulation of a physically-based closing 

mechanism remains an open question and calls for further research. 

4.2 Dependence of Hysteresis on Material Properties 

Hysteresis originates from the coupling between sorption and deformation. Thus, the sorption 

characteristics and mechanical properties will have significant impact on the hysteresis behavior. 

The DDM developed in this work is physically grounded, with mechanical and sorption properties 

explicitly included to allow studying the influence of different material properties on sorption 

hysteresis. For the study of these effects, a quantitative description of hysteresis is required. As 

shown in Figure 12, the ‘backbone isotherm’ is defined as the average curve of the adsorption and 
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desorption isotherms. The area under the backbone is defined as Sb. As a measure for the degree of 

hysteresis, we use the area between adsorption and desorption curves Sh. The relative magnitude of 

hysteresis is expressed by the ratio of H = Sh/ Sb. 

 

Figure 12 Characterization of sorption hysteresis in the adsorption isotherm n(RH). Sh is defined 

as the area (green) between adsorption and desorption curves. The black dashed line is the backbone 

curve defined as the average of adsorption and desorption curves. Sb is defined as the area (red) 

under the backbone. Hysteresis is characterized by H=Sh/ Sb. 

 

Figure 13 Dependence of sorption hysteresis H on initial modulus K0 and sorption parameter B.  

 

We study the influence of the bulk modulus K0 from the mechanical side and sorption parameter B 

from the sorption side on the hysteresis. A material with higher K0 corresponds to a stiffer material, 

while a system with larger B corresponds to stronger adsorbent-adsorbate interactions. The 

dependence of hysteresis characterized by H on K0 and B is plotted in Figure 13. It shows that H 
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decreases with increasing K0 and with decreasing B. In other words, a system with larger stiffness 

and lower adsorbent-adsorbate interaction strength tends to exhibit less sorption hysteresis. 

The detailed sorption isotherms at different K0 and n0 are plotted in Figure 14. It shows that the 

sorption isotherm changes from type II to type I upon increasing K0 and the hysteresis loop shrinks 

significantly. For a stiffer material, the magnitude of the swelling strain is smaller. As a result, there 

are fewer pores switching from closed to open state by the stretching effect of neighboring pores. 

Considering the fact that only the pores experiencing a switch between closed and open states 

contribute to the sorption hysteresis, the lower amount of newly opened pores for a stiffer material 

in adsorption branch finally leads to a smaller sorption hysteresis.   

 

Figure 14 Sorption isotherms under different (a) stiffness K0 (b) sorption parameter B. The black 

arrow indicates the direction of increasing K0 or n0. K0 increase from 4 GPa to 5GPa by a step of 

0.25 GPa and are presented by black, magenta, blue, green and red lines, respectively. B increases 

from 0.005 Pa-1 to 0.01 Pa-1 by a step of 0.00125 Pa-1 and are presented by red, green, blue, magenta 

and black lines, respectively. The solid and dashed line represent adsorption and desorption 

isotherms respectively. 

Figure 14(b) shows that the sorption isotherm changes from type I to type II and that the hysteresis 

loop becomes larger upon increasing B. As B increases, the stress induced by sorption, which is 

described by the second term on R.H.S. of Eq.(5), increases. Consequently, the sorption-induced 

strain (swelling) gets larger. Following a similar reasoning as for describing the influence of K0, a 

higher value of B corresponds to a larger initially closed pores becoming opened during adsorption, 

which finally contribute to more sorption hysteresis. 

5. Conclusion  

In this paper, we developed a theoretical model combining Dependent Domain Model (DDM) and 

poromechanics to describe the hysteretic sorption behavior in nanoporous polymers based on the 
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mechanisms as revealed by atom-scale molecular simulations. The material is assumed to be 

composed of a set of elements with different pore sizes. Elements are made ‘dependent’ by taking 

into account the mechanical interaction between neighboring elements via a poromechanics 

framework. The hysteresis of sorption and deformation is modeled by a switch in state (open/close) 

of elements dependent on strain, based on the mechanism revealed in molecular simulation.  

We find that the developed model is capable of modeling sorption hysteresis of nanoporous 

polymers and captures the coupling mechanism of sorption hysteresis and deformation. Both Finite 

Element (FE) solution and analytical solution agree with the molecular simulations and 

experiments. The model solved by FE allows to illustrate that water filling of the porous material 

follows different distributions upon adsorption and desorption. We further explore how the material 

properties relate to the sorption hysteresis. A relatively general conclusion can be drawn that a 

system with softer solid and stronger adsorbent-adsorbate interaction tends to have larger sorption 

hysteresis for this kind of material. 

There have been significant recent advances in modeling sorption hysteresis and sorption-induced 

deformation of nanoporous materials. While adsorption and deformation phenomena are often 

treated as separate steps, they are strongly coupled in soft nanoporous media such as intrinsically 

microporous polymers including cellulose-based materials. In this paper, we combine the 

framework of poromechanics and the Dependent Domain Theory to capture the coupling between 

adsorption and deformation in these complex, heterogeneous materials. The developed model is 

based on the coupling mechanisms found by molecular simulations, thus most of the parameters 

employed in the model have clear physical meanings. This gives the model a huge advantage in 

studying the coupling physics of nanoporous polymers in two main aspects. First, this model relates 

sorption hysteresis explicitly to material properties, which allows us to explain different sorption 

behaviors for different material systems. Moreover, this model paves the way for the design of 

materials with tailored desired hysteretic behavior. Second, this model, successfully includes the 

microscopic coupling mechanism into the macroscopic description. In other words, it can serve as 

an upscaling model bridging the microscopic mechanism and the macroscopic description. In brief, 

two concepts – the sorption-deformation coupling and multi-scale modeling – are newly introduced 

into the domain theory. We believe this model is not only limited to a better description of 

nanoporous materials but also points to a new direction in modeling sorption hysteresis.  
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Appendix 

Mesh dependent study 

We test three different degrees of discretization: 20×20, 30×30 and 40×40. The comparisons of the 

PSD and sorption isotherms are given in Figure A1. It shows that the results of the three cases are 

almost the same. Quantitatively, the relative difference between sorption amount of the case 20×20 

and 40×40 is 4.34%. Thus, we use the model of 20×20 for further analysis in the main text for 

efficiency without much loss of accuracy. 

 

Figure A1 Pore size distribution generated based on the determined Weibull distribution in FE 

model with a degree of discretization of (a) 20×20; (b) 30×30 and (c) 40×40. The sorption 

isotherms based on the three models are compared in (d). The blue, black and red triangles represent 

the case of 20×20, 30×30 and 40×40 respectively. The open and closed triangles represent 

adsorption and desorption respectively. 

 


