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Polysaccharides, even non-ionic ones, swell in water with potentially huge pressure, which can be sources of intended actuation or a cause of structural damage. The swelling pressure has been investigated since the 19th century, and thermodynamic considerations developed at the beginning of the 20th century. Such treatment is revisited with currently available data showing the swelling to be mostly enthalpy driven. The molecular origin of the heat of swelling is discussed, considering the specificity of polysaccharides or biopolymers with relatively stiff chain conformation that contradicts the compact packing of enthalpy stabilization. Part of the heat of swelling, and thus the potential work of swelling, would originate from the elastic energy stored in the rigid structure. This vision can be tested in the conception of actuation or control of swelling.

Introduction

Polysaccharides, including crystalline cellulose, swell in contact with water, even if insoluble, and shrink upon drying. This behavior sometimes is the cause of technical challenges when dimensional stability is required. On the other hand, it also provides a potential for actuation based on the hygromechanical properties, as are frequently observed in nature [START_REF] Dawson | How pine cones open[END_REF][START_REF] Elbaum | The role 317 of wheat awns in the seed dispersal unit[END_REF]. A quite demonstrative example is the splitting of granite rocks by the swelling power of wooden wedges inserted in small chiseled holes as was witnessed by [START_REF] Rowell | Structure and Function of Wood[END_REF] for which many authors assert the use of such methods in ancient Egypt [START_REF] Katz | Die Gesetze der Quellung[END_REF][START_REF] Eder | Wood and 314 the activity of dead tissue[END_REF], though the historical veracity seems controversial [START_REF] Harrell | Ancient egyptian quar-332 ries -an illustrated overview. QuarryScapes: Ancient Stone 333 Quarry Landscapes in the Eastern Mediterranean[END_REF]. Plants use such swelling power, also imagined as a potential driving force for biomimetic active materials. The swelling can be directed by the structural restraints/anisotropy at different length scales leading to a particular mode of shape change [START_REF] Bertinetti | Physicochemical basis for water-292 actuated movement and stress generation in nonliving plant tissues[END_REF]. Yet, the molecular origin of the swelling and the potential work of such actuation remains less evident than it might sound. Looking into the literature, I realized that many works had been done towards the beginning of the 20th century, which seems helpful in understanding the swelling phenomena. The purpose of this paper is to clarify the questions and considerations related to the swelling of polysaccharides based on historical perspectives.

In the case of flexible polymers, conformational freedom, and associated entropy would play a significant role in the behavior as has been widely studied in modern polymer physics [START_REF] Flory | Principles of polymer chemistry[END_REF]. For ionic polymers, osmotic pressure due to the counterion dilution would dominate [START_REF] Tanaka | Collapse of gels and the critical endpoint[END_REF]. Here I focus on non-ionic systems made of relatively rigid polymers that have been overlooked over the last half-century.

Enthalpy of sorption and hygromechanical work
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The exothermal swelling behavior of many types of polysac-34 charide materials by water has been reported since the begin-35 ning of the 19th century as a temperature rise sometimes reach-36 ing 10 • C [START_REF] Leslie | On capillary action[END_REF]Pouillet, 1822). Those temperature in-37 creases can be directly converted to enthalpy change by consid-38 ering the heat capacity of the water-polysaccharide system.
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The study of the swelling force of polysaccharide/plant sub-40 stances at a macroscopic scale also dates back to the 19th cen-41 tury, especially by botanists such as Johannes Reinke and the 42 pioneers of colloid chemistry such as Johan Rudolf Katz. J.
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Reinke [START_REF] Reinke | Die Quellung einiger vegetabilischer Substanzen[END_REF] studied the swelling of brown algae, 44 Laminaria, using an apparatus he called " Ödometer" (oedema that

P = -RT v ln( p p 0 ) (1)
with v being the molar volume of water, 18 × 10 -6 m 3 , p the vapor pressure at equilibrium and p 0 the saturated water pressure.

Inside the parentheses is thus nothing but the relative humidity.

Indeed Pv corresponds to the work of expanding ideal gas volume from saturated pressure to the equilibrium vapor pressure.

This should be equivalent to the work that one mole of water can bring against the pressure, assuming the molar volume of water is constant. It also means that external pressure would restrict the moisture gain as reported [START_REF] Barkas | Wood water relationships-VII. swelling pressure 289 and sorption hysteresis in gels[END_REF]. Thus the pressure is simply the free energy of sorption divided by the molar volume of water (or other solvents). How much work a gel material can achieve through swelling can be calculated by integrating this pressure from 0% water to the maximum water content.

The sorption isotherms are usually expressed as the sorbed amount of water as a function of relative humidity. Figure 1A is an example of a series of sorption isotherms at different temperatures taken from Wood Handbook [START_REF] Glass | Wood Handbook, Wood as an Engineering 329 Material. chapter Moisture relations and physical properties of wood[END_REF].

This can be simply inverted as equilibrium relative humidity as a function of sorbed water (figure 1B). Then the relative humidity can be converted to the swelling pressure when exposed to saturated water vapor according to equation 1 (Fig. 1C). All numerical calculation scripts, together with the original data, are available on GitHub (https://github.com/yoshi-CERMAV/carbohydrate polymer2023 data). The steep dependence of pressure to water content makes the exponent much larger than 3 when dependence on solid content is calculated, contrary to the observation by Freundlich and Posnjak above, but one can obtain an exponent of 3 by arbitrarily assuming a fraction in the solid that contributes to the swelling.

The work that one 100 g of dry wood can achieve due to the swelling by water can be simply calculated by integrating the pressure as a function of the water content in %, which corresponds to weight in grams volume in 10 6 m 3 for 100g of dry wood(figure 1D).

Those pressures remain to be theoretical, and there are not many direct measurements of the pressure as such. [START_REF] Tarkow | The swelling pressure of wood[END_REF] tried to measure the "true" swelling pressure of the wood substance. They prepared wood specimens of different densities confined in a cylinder and measured the swelling pressure by changing the surrounding humidity. The macroscopic anisotropy gives the wood a practical advantage for such measurement since the confinement of the sample can be realized by two-dimensional constraint in the direction perpendicular to the fiber axis. The measured swelling pressure up to 70 MPa on a densified wood with a specific gravity of 1.42 by humidity increase from 30% to 100%.

The lower experimental value compared to the theoretical value is expected since part of the swelling can be consumed by the voids in the structure, and part of the expansion can also occur along the fiber direction. The cell wall density is usually considered to be 1500 kg/m3, so about 5-6% of the volume would be void. an adiabatic calorimeter [START_REF] Fricke | Quellungsarbeit und Quellungswärme[END_REF].
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Taking the data on the wood handbook as an example, I nu- 

The limit of sorption site hypothesis

The thermodynamic parameters do not directly reveal the microscopic events related to water swelling. The water sorption isotherms of polysaccharides have often been analyzed using Brunauer-Emmett-Teller (BET) theory [START_REF] Brunauer | Adsorption of gases in multi-295 molecular layers[END_REF] or its analogs of surface adsorption. This analysis assumes the adsorption energy to be the origin of sorption, with the first layer of water molecules generally having stronger binding energy than the subsequent layers. Although the sorption curve indeed fits with BET formalism, the physical phenomena are entirely different, as many authors have pointed out. Indeed, very often, the nitrogen gas sorption surface is much lower than the surface area estimated by BET theory.

Another series of models consider sorption sites inside the structure [START_REF] Willems | A critical review of the multilayer sorption models and 375 comparison with the sorption site occupancy (sso) model for wood moisture 376 sorption isotherm analysis[END_REF]. There are more or less accessible hydroxy groups that can hydrogen bond to water molecules, so it is reasonable to consider that water molecules would interact with OH groups rather than CH groups in the structure when swelling. Still, would it explain the enthalpy gain that can be observed? The enthalpy measured often falls at the typical energy range of hydrogen bonding. However, no free hydroxy groups are present in dry polysaccharide samples. This can be seen from the red-shift of hydroxy stretching vibration in the in-frared spectra, which should appear at around 3650 cm -1 if the 196 hydroxy group does not have an acceptor (Coburn and Grun-197 wald, 1958). Even when not crystalline, hydroxy groups find 198 an acceptor in the proximity during the drying process, and 199 the total number of hydrogen bonds remains relatively constant 200 [START_REF] Chen | Role of 298 hydrogen bonding in hysteresis observed in sorption-induced swelling of 299 soft nanoporous polymers[END_REF]. 208 This is different from the adsorption on a solid surface. Further-209 more, the adsorbed water would be confined resulting in some 210 enthalpy and entropy penalty [START_REF] Wohlert | Cellulose and the role of hydrogen bonds: not in charge of everything[END_REF].
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Another series of data that goes against the view of hydroxy 212 groups being the driver of swelling is the endothermal dissolu-213 tion of small sugars that have more hydroxy groups than cel-214 lulose per molecular weight [START_REF] Hendricks | Heats of solution 336 of sugars in water[END_REF]Higbie and 215 Stegeman, 1950). It suggests that given enough mobility, ex-216 pelling water and forming a compact structure is enthalpically cal bending up to 60 • recovered when constraints were removed 258 [START_REF] Chen | Linear, non-linear and plastic bending deformation of cellulose 303 nanocrystals[END_REF].
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The effect of molecular level rigidity can also explain the 260 fact that the flexible polyvinyl alcohol (PVA), although having 261 the same number of hydroxy groups per carbon as cellulose, 262 has smaller free energy and enthalpy of sorption than cellu-263 lose [START_REF] Dole | The free energy, heat and entropy of sorption 311 of water vapor by proteins and high polymers[END_REF]. Further translation of this re-264 lease of nanoscopic strain to macroscopic strain can follow the 265 analysis described by [START_REF] Bertinetti | Physicochemical basis for water-292 actuated movement and stress generation in nonliving plant tissues[END_REF].

Temperature-dependent sorption isotherm, the heat of 268 swelling, and pressure/work of swelling are all connected 269 through thermodynamics, but the systematic measurements of
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  merically calculated the free energy of swelling, its tempera-141 ture derivative, and thus the enthalpy and entropy of swelling 142 per mol of water of wood at different temperatures as shown 143 in figure 2. There is an obvious problem in this simple calcu-144 lation since the derivation of eq3 assumed a constant swelling 145 enthalpy as a function of temperature. This is clearly not the 146 case since the ln( p p 0 ) shows an upward concave curve except 147 for a limited temperature/water content range. This leads to the 148 steep temperature dependence of calculated enthalpy. Below 149 5% of water content and 40 • C, the values diverge. This con-150 trasts the report by Stamm and Loughborough (1934) on Sitka 151 spruce, where the logarithm of equilibrium vapor pressure fol-152 lowed a straight line over a wide range when plotted against 1/T. 153 Indeed between 0 • C and 100 • C, 1/T (Kelvin), saturated vapor 154 pressure follows roughly a straight line against 1/T, and so does 155 the relative humidity at equilibrium. 156 If we focus on the region where the enthalpy is relatively con-157 stant over temperature (the region where neighboring curves 158 overlap), the enthalpy systematically exceeds the free energy, 159 and thus, the entropy release is also positive, penalizing the different moisture content, sealing in a glass cell 166 under a vacuum, soaking the anvil in water for equilibration, 167 and breaking the cell in water to measure temperature varia-168 tion. The derivation of the heat of wetting with the initial water 169 content will give the enthalpy of wetting for each fraction and 170 can be compared to the free energy curve. Figure 3 reproduces 171 the data on cotton by[START_REF] Morrison | Thermodynamic properties of the sys-348 tem cellulose-water vapor[END_REF].

  Figure 1: A: Water vapor sorption isotherm of wood at different temperatures; data taken from (Glass and Zelinka, 2010) B: The isotherm of A inverted as equilibrium humidity as a function of water content. C: Swelling pressure estimated from equilibrium relative humidity and D: Potential of swelling work of dry wood by integrating C up to different water content.
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  Although the water sorption isotherm of polysaccharide202shows the same sigmoidal feature as multilayer adsorption on a 203 solid surface, the adsorption does not occur on a free, exposed 204 surface. A hydrogen bond energy between hydroxy groups is 205 in general of the order of 20 kJ/mol[START_REF] Nishiyama | Molecular interactions in nanocellulose assembly[END_REF], but the 206 hydrogen bond established on hydroxy groups would be at the 207 expense of breaking an existing one between polysaccharides.

Figure 2 Figure 3 :

 23 Figure 2: a) equilibrium vapor pressure as a function of temperature and water content of wood, b)enthalpy, c) free energy, and d) entropy of swelling as a function of moisture content calculated from the moisture sorption isotherm of wood in[START_REF] Glass | Wood Handbook, Wood as an Engineering 329 Material. chapter Moisture relations and physical properties of wood[END_REF] 
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  The moisture content at 30% humidity is typi-cally about 7%, and if one adds a further 5% to fill the void, the 121 water content would be 12% before exerting external pressure.

	122		
	123	Indeed in figure 1C, 70 MPa is expected for wood with 12% of
	124	water content, which agrees with the experimental value. The
	125	work it can attain up to saturation is instead of 100 J, which is
	126	still impressive as it corresponds to lifting 10 kg of mass for 1
	127	m.	
	128	This work corresponds to the free-energy change of swelling
	129	G which has an enthalpy (H) contribution and an entropy (S)
	130	contribution such that
	131	G = H -T S	(2)
	132	, Fricke and Havestadt (1927) proposed that the enthalpy of
	133	swelling can be calculated from the temperature dependence
	134	of equilibrium humidity as
		H = -RT 2	d(log p p 0 ) dT	(3)
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The demonstration is given in the appendix. It has been shown 136 on quite a few systems that this calculated enthalpy from the 137 isotherm of sorption agrees with the direct measurement using 138