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Abstract 

The present investigation focuses on analysis of swelling behavior of systems composed of 

linear primary alcohols and photo-chemically crosslinked poly (butyl prop-2-enoate) (PABu). 

For this purpose, reactive blends composed of monofunctional (n-ABu) and difunctional (1-

prop-2-enoyloxyhexyl prop-2-enoate) monomers as well as a standard photoinitiator were 

exposed to ultraviolet-visible (UV-vis) irradiation to induce free radical crosslinking 

polymerization. Experimental swelling studies of the obtained optically transparent PABu 

networks in methanol, ethanol, propan-1-ol, butan-1-ol, pentan-1-ol, hexan-1-ol and heptan-1-

ol were performed by gravimetric sorption measurements. Among the various models 

available to rationalize the swelling kinetics of these PABu-alcohol systems, the second order 

approach was found to agree well with the experimental data. 

In particular it was observed that swelling properties strongly depend on the length of the 

linear alkyl chain of the primary alcohols. Swelling of PABu network at equilibrium increases 

from methanol to butan-1-ol where it reaches a maximum and subsequently decreases from 

butan-1-ol to heptan-1-ol. To understand this unusual behavior, polymer-solvent solubility 

parameters were considered, which could not account for the swelling maximum detected in 

the case of butan-1-ol. Molecular simulations performed on model systems composed of a 

linear primary alcohol molecule set and a reproduced PABu network revealed that their 

mutual interaction energy times the molar mass of the alcohol show a trend very similar to 

that of the observed swelling behavior. 

 

Keywords : Polyacrylate network; crosslinking; swelling; linear primary alcohols; solubility 

parameters; molecular simulation. 
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1 Introduction 

Polymer gels represent slightly three-dimensional crosslinked networks capable of absorbing 

and retaining large amounts of solvent while remaining insoluble in solutions [1-6]. The 

solvent content in a polymer gel may be very high, reaching 100 times or more the polymer 

weight depending on its affinity with the network. Such gels may be formed by various 

techniques; however one of the most common synthetic methods is the free radical 

crosslinking polymerization of reactive monomers in the presence of a crosslinking agent [7-

10]. The polymer gel exhibits solid-like properties due to the network formed by the 

crosslinking reaction, or more like elastic solids in the sense that there exists a remembered 

reference configuration to which the gel returns after being deformed for a long time. The 

most characteristic property of polymeric gel is that it swells in the presence of a solvent and 

shrinks in its absence. The knowledge of swelling properties of polymer networks in solvents 

is of significant importance for various applications such as thin polymer films [11,12], 

adsorption of chemical materials [13], biophotonics [14] and printing [15], superabsorbent 

polymers and hydrogels [16-19], actuators [20], memory shaped polymers [21,22], porous 

organic material [23] and gel-based drug delivery systems [24-28]. Predominantly, 

hydrophilicity/hydrophobicity as well as the nature of polymer chains and solvent, sample 

preparation, crosslinking density and temperature control the swelling extent. 

In the framework of our research, T. Bouchaour et al. [29] established phase diagrams for 

chemically crosslinked polymer networks swollen in isotropic organic solvents like propan-2-

one, cyclohexane, methanol, oxolane, and toluene. It was found that the uptake of methanol 

was very low, whereas the swelling degree for oxolane and toluene reached maximum values 

at room temperature and also, Flory–Huggins interaction parameters [30] were deduced from 

this analysis. Vendamme et al. [31] investigated swelling characteristics of polymer networks 

exhibiting different crosslinking degrees in nematic and smectic liquid crystalline solvents. 
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More recently, comparison of the swelling effect with different organic solvents was reported 

by Ferrell et al. [32]. 

In this report, swelling properties of a photochemically crosslinked polymer network in linear 

primary alcohols were investigated. Because of its high optical transparency, toughness, light 

resistance, stability and chemical inertness, crosslinked Poly (butyl prop-2-enoate) (PABu) 

was chosen as model system to investigate the effect of alkyl chain length of low molar 

weight mono-alcohols on the swelling behavior of the network. 

The first part of this research was dedicated to perform swelling measurements of 

photopolymerized crosslinked PABu networks in primary alcohols i.e. methanol, ethanol, 

propan-1-ol, butan-1-ol, pentan-1-ol, hexan-1-ol and heptan-1-ol. In the second part, the 

swelling kinetics of these polymer/solvent systems were analyzed. In particular, an attempt 

was made to rationalize equilibrium swelling data on the basis of solubility parameters 

evaluated from Hansen [33-35] and Fedors [36] models, and the corresponding results were 

discussed accordingly. Finally molecular simulations were carried out to investigate the role 

of intermolecular interactions of the examined polymer network/alcohol systems. 

 

2 Experimental 

2.1 Materials 

The monofunctional butyl prop-2-enoate (ABu) monomer was obtained from Sigma-Aldrich 

(Saint-Quentin Fallavier, France). The crosslinking agent, 6-prop-2-enoyloxyhexyl prop-2-

enoate, called HDDA, was supplied by Cray Valley (France). To initiate the free radical 

photopolymerization/crosslinking reactions, 2-Hydroxy-2-Methyl-1-phenyl-propan-1-one, 

known as Darocur 1173, supplied by BASF, was used. Various organic solvents (see Table 

S1 (supplementary material) for the list of the solvents) including linear primary alcohols 

were purchased from Sigma Aldrich (p.a. grade solvents). All these reagents were used as 
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received. 

a)                 

b)                  

c)                  

Figure 1: Chemical structures of (a) butyl prop-2-enoate (ABu), (b) 6-prop-2-enoyloxyhexyl 

prop-2-enoate (HDDA), (c) 2-hydroxy-2-methyl-1-phenyl-propane-1-one (Darocur 1173). 

 

2.2 Sample preparation 

A model system consisting of a photochemically crosslinked polymer network was prepared 

by UV-vis irradiation of an initial solution of the reactive monomers Abu and HDDA, and 

Darocur 1173 in the following weight percentages 99.0, 0.5, and 0.5 wt-%, respectively. The 

solution was stirred mechanically for 24 hours before it was poured into Teflon moulds to 

obtain discs having a diameter of 3 cm. The irradiation process was carried out under nitrogen 

atmosphere using UV Philips TL08 lamps exhibiting a wavelength of  = 365 nm and an 

intensity I0 = 1.5 mW cm-2. The exposure time was fixed at 15 min to achieve a complete 

conversion of monomers and the obtained crosslinked polymers were optically transparent. 

 

2.3 Swelling investigation 

The swelling degree of the obtained crosslinked PABu network samples in each organic 
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solvent was measured gravimetrically at a constant temperature of 25°C. The dried samples 

were immersed in an appropriate container filled with excess of solvent, and the swelling 

kinetics was followed every 5 min for a period of one hour, then every 30 min for 2 hours, 

and finally every hour for several days (except during night time), upon reaching equilibrium 

swelling states. The sample was then removed from the container and weighted after removal 

of excess solvent on the surface. The swelling degree by weight, denoted SDW, can thus be 

calculated by the following equation: 

ሻݐሺܹܦܵ   ൌ ௪ሺ௧ሻି௪೚

௪೚
      (1) 

where w0 represents the weight of the dried sample (initial state), and w(t) stands for the 

weight of the swollen sample at a given soaking time t. 

 

3 Results and Discussion 

3.1 Swelling study 

The swelling properties of photochemically crosslinked PABu networks were investigated by 

isothermal gravimetric sorption measurements. For example, Figure 2 shows representative  

 

  

Figure 2: Photographs of chemically crosslinked PABu network samples at T=25°C in dried 

state and as function of soaking time in heptan-1-ol. 
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photographs of a disc shaped PAbu sample in dry state and after immersion in excess heptan-

1-ol for different soaking periods. Relatively slow solvent uptake was observed, and the 

equilibrium state was reached only after a period of several tenths of hours. The sample 

swollen in heptan-1-ol was optically transparent and quite larger than the network soaked in 

methanol. 

 

Figure 3: Swelling behavior of chemically crosslinked PABu network samples as function of 

soaking time for different linear primary alcohols at T=25°C. 

 

Figure 3 represents the solvent uptake in terms of SDW of chemically crosslinked PABu 

network samples, as function of soaking time in linear primary alcohols, by varying their 

alkyl chain lengths from methanol to heptan-1-ol. It should be mentioned that increasing the 

alkyl chain length of the alcohols promotes swelling considerably since at equilibrium 
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methanol exhibits SDW=0.35 and for heptan-1-ol SDW=2.26. Interestingly SDW of butan-1-ol 

reached 3.25 at equilibrium and further increase of the alkyl chain length leads to a decrease 

of SDW which becomes then constant. This investigation could not be carried out for heavy 

alcohols beyond heptan-1-ol since they present a solid state at 25°C. 

 

3.2 Swelling data analysis 

The experimental swelling data from Fig. 3 can be described applying a second-order 

swelling kinetics equation: 

 
ௗ ௌ஽ௐ

ௗ௧
ൌ ݇ሺܵܦ ௘ܹ െ  ሻଶ     (2)ܹܦܵ

where SDWe represents the swelling degree by weight at equilibrium and k stands for the 

swelling rate coefficient. Integration of Eq. 2 leads to: 

   
ଵ

ௌ஽ௐ೐ିௌ஽ௐ
െ  ଵ

ௌ஽ௐ೐
ൌ  (3)      ݐ ݇

Further linearization gives Eq. 4: 

  
௧

ௌ஽ௐ
ൌ ݐ ܣ ൅  (4)      ܤ

The constant A = 1/SDWe represents the normalized inverse equilibrium swelling degree of 

the sample for a given solvent and B=1/(dSDW/dt)0=1/(kSDWe²) is the reciprocal of the initial 

swelling rate of the PABu network. Eq. 4 allows thus to determine k and SDWe. Figures 4a 

and 4b show the swelling data from Fig. 3 by applying Eq. 4 for methanol, ethanol, propan-1-

ol, and butan-1-ol, pentan-1-ol, and hexan-1-ol, respectively. Figures 4a and 4b reveal that 

the swelling curves could be fitted by linear regression analysis according to Eq. 4. Initial 

swelling rates and the values of maximum swelling were calculated from A and B 

coefficients. All corresponding data were gathered in Table S2. It should be mentioned that 

the correlation coefficient (R²) regularly decreases from 1 for methanol to 0.980 for hexan-1-

ol, by increasing the aliphatic chain length of the primary alcohol. 
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Figure 4: Variation of t/SDW as a function of soaking time according to Eq. 4 for chemically 

crosslinked PABu networks in the case of a) methanol, ethanol, and propan-1-ol; b) butan-1-

ol, pentan-1-ol, and hexan-1-ol. 
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As a result, heptan-1-ol, which was evaluated as well, was not included here since its 

corresponding data could not be fitted by Eq. 4. Figure 5 represents SDWe and k values 

deduced from data of Fig. 4a and 4b. 

 

 

Figure 5: Swelling parameters of chemically crosslinked PAbu networks in linear primary 

alcohols, from data processing using Eq. 4. 

 

As expected from Fig. 3, SDWe presents an unusual maximum for butan-1-ol. Beyond this 

confirmation, Fig. 5 also indicates that the rate coefficient of swelling k decreases from 

methanol to butan-1-ol and remains then constant up to hexan-1-ol, revealing that swelling 

kinetics become slower for larger alcohols beyond butan-1-ol. One can hence conclude from 

both data types of Fig. 5 that both methanol and ethanol quickly enter the polymer network 
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but poorly constrain the polymer once facing its internal surface. This scheme changes 

completely when considering propan-1-ol and other larger alcohol molecules. 

 

3.3 Solubility parameters 

An attempt was made to understand the unusual “butan-1-ol effect” through consideration of 

solvent and polymer solubility parameters. The solubility parameter established by 

Hildebrand [37-38] is defined as the square root of the vaporization energy per unit volume of 

the material under consideration and is given by the  symbol. In a binary polymer/solvent 

system, mixing enthalpy will decrease if the difference between the corresponding solubility 

parameters becomes small, so that mutual miscibility will be favored. Hildebrand concluded 

that the quantity (δPolymer - δSolvent)
 2 governs solubility effects, and should be as small as 

possible to reach good solubility of a polymer in a solvent. Hansen [33-35] introduced 

splitting of this "global" parameter into three main components: London dispersion δD, 

Keesom polarity forces δP (between permanent dipoles), and hydrogen bonding forces δH. The 

cohesive energy is then divided into three parts, corresponding to the three types of interaction 

forces, and the solubility parameter represents the square root of the sum of the squares of δD, 

δP and δH. Table S3 gathers the calculated Hansen solubility parameters (HSP) and their 

components for the primary alcohols and linear PABu. 

Fedors model [36] is known as an incremental group contribution method where each of these 

groups possesses their own properties (molar volume (Vi), molar cohesive energy (ei), etc.). 

For the calculation of the solubility parameter, Fedors model assumes additivity of ei and Vi , 

separately, and leads to the following relationship:  






i
V

i
e

       (5) 
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Solubility parameters were calculated using Fedors method and the results are shown in Table 

S3. It should be pointed out that the calculated (δPolymer - δSolvent)
2 parameter decreases 

regularly with the alkyl chain length of the primary alcohols, i.e. it goes from 116.6 J cm-3 for 

methanol to 2.9 J cm-3 for heptan-1-ol (HSP, [33-35]), and from 84.7 to 5.3 J cm-3 using 

Fedors method [36] applied to the solubility parameter of the linear polymer (δPolymer = 

δ*PABu). According to these calculations, heptan-1-ol would be the best solvent for the 

considered PABu polymer, but this is not what experiments are telling us, as it will be seen 

later. 

Gee [39] made the assumption that the solubility parameters of polymer and solvent will not 

differ very much when polymer-solvent interactions and polymer swelling are maximal. The 

dependence of the swelling degree at equilibrium on the δSolvent value can thus be expressed by 

a curve with a maximum at δSolvent = δPolymer coordinate. This approach is considered presently 

for the cross-linked PABu network. The Swelling Degree by Volume at equilibrium, denoted 

SDVe, is related to SDWe by: 

ܦܵ   ௘ܸ ൌ 1 ൅ ܦܵ ௘ܹ  ఘುಲಳೠ

ఘೞ೚೗ೡ೐೙೟
     (6) 

where the solvent density values, ρsolvent, are given in Table S4 and that of the polymer was 

taken as ρPABu = 1.087 g cm-3 [40]. Gee developed the following relationship for the polymer 

network assuming volume additivity  

ܦܵ  ௘ܸ ൌ ܦܵ ௘ܸ,௠௔௫ ݁݌ݔሺെܦܵ ߙ ௘ܸ ሺߜ௦௢௟௩௘௡௧ െ  ௉஺஻௨ሻଶሻ   (7a)ߜ

where SDVe,max stands for SDVe at the maximum of the curve of Fig. 6a,  represents an 

empirical coefficient, and δPABu denotes the solubility parameter of the elaborated crosslinked 

PABu polymer. The experimental SDVe data can be rationalized applying Gee’s model (Eq. 

7a), as well as by the approach of Tager and Kolmakova [41]. The latter can be described by 

Eq. 7b: 
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    (7b) 

 

 

 



 

14 

 

Figure 6: 

a) SDVe data of the chemically crosslinked PABu networks from fitting procedures applying 

models from Gee as well as from Tager and Kolmakova, 

b) Plot of ቂܵܦ ௘ܸ
ିଵ ݈݊ ቀ

ௌ஽௏೐,೘ೌೣ

ௌ஽௏೐
ቁቃ

ଵ/ଶ
 (Eq. 8) as function of calculated solubility parameters of 

the primary alcohols according to Gee’s model. 

1: methanol, 2: ethanol, 3: propan-1-ol, 4: butan-1-ol, 5: pentan-1-ol, 6: hexan-1-ol, 7: heptan-

1-ol). According to an estimation of 5% error of the SDVe values, the size of error bars 

remained smaller than that of the symbols representing the experimental data points. 

 

Figure 6a shows the results of this comparison considering calculated averaged Hansen and 

Fedors solubility parameters of alcohols. The experimental data from propan-1-ol to hexan-1-

ol are fairly well fitted by Gee’s model whereas only a poor approximation between 

experimental results and the model of Tager and Kolmakova was observed. Linearization of 

Eq. 7a yields: 

ቂܵܦ ௘ܸ
ିଵ ݈݊ ቀ

ௌ஽௏೐,೘ೌೣ

ௌ஽௏೐
ቁቃ

ଵ/ଶ
ൌ ௦௢௟௩௘௡௧ߜଵ/ଶሺߙ  െ  ௉஺஻௨ሻ   (8)ߜ

Plotting of ቂܵܦ ௘ܸ
ିଵ ݈݊ ቀ

ௌ஽௏೐,೘ೌೣ

ௌ஽௏೐
ቁቃ

ଵ/ଶ
ൌ ݂ሺߜ௦௢௟௩௘௡௧ሻ, according to Eq. 8 (Fig. 6b), allow to 

evaluate the linearity of the curve and the corresponding abscissa range. The value of δPABu, 

representing the total solubility parameter of the crosslinked PABu network, was determined 

as 23.0 (J cm-3)1/2 at the intercept of the linear fit curve with the abscissa axis, as expected 

from analysis of Fig. 6a. A value of 0.18 cm3 J-1 for the 1/2 coefficient was obtained from 

linear regression analysis. Graphical evaluation of the dependence of 

ቂܵܦ ௘ܸ
ିଵ ݈݊ ቀ

ௌ஽௏೐,೘ೌೣ

ௌ஽௏೐
ቁቃ

ଵ/ଶ
on ߜ௦௢௟௩௘௡௧ was carried out for each individual component, i.e. 

 ு,௦௢௟௩௘௡௧ (Fig. S1c). A quasi-linear trendߜ ௉,௦௢௟௩௘௡௧ (Fig. S1b), andߜ ,஽,௦௢௟௩௘௡௧ (Fig. S1a)ߜ
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could be observed on each graph for primary alcohols in the range from propan-1-ol to hexan-

1-ol. The corresponding x-intercepts allowed to deduce the individual components of the 

crosslinked polymer, i.e. ߜ஽,௉஺஻௨ = 16.0 (J cm-3)1/2, ߜ௉,௉஺஻௨= 5.7 (J cm-3)1/2 and ߜு,௉஺஻௨= 15.8 

(J cm-3)1/2 (see also Table S3). Using these data, the total solubility parameter of the 

crosslinked PABu was recalculated as δPABu = 23.2 (J cm-3)1/2. The strong increase of δPABu 

compared to δ*PABu mainly comes from the increase of the H component of the crosslinked 

polymer. 

The δPABu value deduced from Fig. 6b significantly deviates from the calculated values from 

Hansen and Fedors models. Indeed, considering a linear structure of PABu, calculation of 

HSP gives δ*PAbu = 18.8 (J cm-3)1/2 (Table S3), whereas Fedors method yields δ*PAbu = 19.0 (J 

cm-3)1/2 (Table S4). 

Charles M. Hansen and coworkers published several papers on measuring the solubility 

parameters of swollen materials [34,42-43]. Following these reports, the HSP for the 

crosslinked PABu were experimentally determined from equilibrium swelling data of a set of 

24 organic solvents (including the primary alcohols considered here), covering a wide range 

of known partial solubility parameters. A computer program (MATLAB software) allowed 

calculating partial solubility parameters of the crosslinked PABu in the three-dimensional 

space, applying an optimization procedure based on the Nelder-Mead algorithm [44-46]. The 

program results in the formation of a solubility sphere which contains a maximum of good 

swelling solvents i (s(i)=1) (s=score) and a minimum of partially swelling solvents (s(i)=0) 

(see Table S1 for details). The centre coordinates of this sphere represent three-dimensional 

HSP of the crosslinked PABu (dispersion (δdp), polar (δpp) and hydrogen-bond (δhp) forces); 

its radius R0 was minimized using the “size factor” proposed by Vebber et al. [47]. These four 

parameters were the targets of the optimization procedure. For each solvent i, whose HSP 

parameters are δd(i), δp(i) and δh(i), the parameter 
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ܴ௔ሺ݅ሻ ൌ ඥሺߜௗ௣െߜௗሺ݅ሻሻଶ ൅ ሺߜ௣௣െߜ௣ሺ݅ሻሻଶ ൅ ሺߜ௛௣െߜ௛ሺ݅ሻሻଶ was compared to R0, and a 

parameter A(i) was defined: if ܴ௔ሺ݅ሻ ൏ ܴ଴ and ݏሺ݅ሻ ൌ 1 or if ܴ௔ሺ݅ሻ ൐ ܴ଴ and ݏሺ݅ሻ ൌ 0, then 

ሺ݅ሻܣ ൌ 1, else ܣሺ݅ሻ ൌ ݁ି|ோೌሺ௜ሻିோబ|. The objective of the optimization procedure was to 

minimize the error ݎ ൌ 1 െ ቀ
∏ ஺ሺ௜ሻ

ோబ
ቁ

ଵ ௡⁄
ൌ 1 െ ஺

ோబ
భ ೙⁄ , where n represents the number of 

solvents. The following results were obtained from the optimization procedure : δPABu = 23.07 

(J cm-3)1/2, δd=20.12 (J cm-3)1/2, δp=9.29 (J cm-3)1/2, δh=6.41 (J cm-3)1/2, R0=13.0, A=0.886. 

Interestingly, the value of the total solubility parameter of the crosslinked PABu determined 

by using swelling data from 24 organic solvents was found to be close to that obtained for the 

primary alcohols applying Eq. 8. 

An attempt was made to correlate the swelling data with the three individual component 

differences of solubility parameters. Fig. S2 presents the percent swelling results (SDWe) as 

function of the Hansen RED (Relative Energy Difference) numbers, which are given by 

RED=Ra(i)/Ro (see Table S1). In this approach, RED numbers were calculated for each pair 

of solvent and crosslinked PABu. A quite good correlation was found between swelling data 

and RED numbers. As expected, when Ra becomes smaller than the interaction radius R0, the 

swelling ratio increases. On the other hand, when Ra exceeds R0, the swelling ratio decreases. 

Fig. S2 shows that solvents exhibiting RED numbers roughly below 1.1 present high degrees 

of swelling (classified as good swelling solvents), whereas solvents with RED numbers 

roughly above 1.1 give low degrees of swelling (classified as partially swelling solvents). 

Fig. S2 also reveals that the good correlation between swelling data and RED numbers 

remains also valid for the primary alcohols, which are presented in red colour in this figure. 

Especially 1-butan-ol fits well within the range of data points of the surrounding other organic 

solvents. 
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Clearly the above discussed relationships based on the polymer-solvent solubility parameters 

cannot explain the unexpected swelling of butan-1-ol. Gee pointed out that departures from 

conformity are attributable to imperfection of the theory of regular solutions [39], which does 

not take into account specific interactions. 

 

3.4 Alcohol-polymer interaction modeling 

In this section, modeling of polymer-alcohol interactions was performed in an attempt to 

better understand the experimental results given in Fig. 3. With this aim, a commercial 

molecular modeling software (Spartan '16, Wavefunction Inc.) was implemented to illustrate 

the presence of interactions between linear primary alcohols (denoted, for modeling purpose, 

An, n=1…7; starting from methanol (n=1) to heptan-1-ol (n=7)) and molecular arrangement 

simulating the crosslinked PABu network. To setup the solver, the equilibrium geometry 

option was considered with use of density function (D97X-D/6-31G*) which enable energy 

minimizing of large molecules. The molecules were assumed to be isolated from each other in 

order to focus on specific interactions between polymer and alcohols. No conformer 

distribution was used despite the fact that it may have improved the results, but it reveals to be 

too much time consuming. The energy minimization procedure was hence based on 

electrostatic repulsion/attraction forces, deformation of transient bonds, and return to 

equilibrium of the system. The crosslinked PABu-like structure was constructed on the basis 

of 2 linear chains of 8 Abu monomers crosslinked through 2 HDDA bridges at ¼ th and ¾ th 

of their respective lengths. A schematic illustration of the crosslinked PABu structure is given 

in Fig 7. Two independent but similar polymer blocs like that shown in Fig. 7 were 

considered in order to account for their mutual influence resulting from the interaction with 

alcohols. 
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7  

Figure 7: Schematic illustration of the polymer-like structure used to simulate the chemically 

crosslinked PABu network, before performing energy optimization procedure. 

 

The shape shown in Fig. 7 was of course modified by the energy minimization due to the 

rearrangements. The result is not shown here since the 3D shape of the two optimized blocs 

does not provide useful information. Data related to the value of the minimized energy of the 

considered molecular arrangement (E(Polym) = 446.5 kJ mol-1) were obtained as main output 

from this process. In a second step, the individual minimum energy was calculated for each 

alcohol molecule (denoted (Ai), i=1…7), but also that of a set of ten identical alcohol 

molecules (denoted E(10Ai), i=1…7) in order to get the average energy per alcohol molecule 

related to their mutual interaction (mainly “hydrogen bond” (HB) interactions (H…HO-C-, 
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water-like)) and dipole-dipole (van der Waals (vdW)) interactions), denoted int (Ai-Ai), 

i=1…7. The latter can be expressed by the following equation: 

int (Ai - Ai) = (E(10 Ai) - 10.(Ai)). (10-N(isol. Ai))/10   i=1…7 (9) 

where N(isol. Ai) represents the number of isolated (HB interaction-free) alcohol molecules. 

The “HB interaction-free” state is related to the background energy of the alcohol outside the 

polymer region, and does not contribute to the interaction term. Eq. 9 takes into account the 

molecules effectively participating to HB interactions. The obtained energy values were 

gathered in Table S5. The number of Ai - Ai interactions (N(Ai - Ai)) taking place in the pure 

alcohol system and deduced from resulting 3D image analysis were determined, as well as 

those of the interaction-free molecules (N(isol. Ai)). As a result, the interaction energy term of 

the pure solvent system Eint (Ai - Ai)s exhibits a maximum like N(isol. Ai) while N(Ai - Ai) 

shows a minimum for butan-1-ol case. This statement ascribes for the balance between the 

attractive forces due to HB interactions which are very strong for methanol and ethanol, and 

mutual attraction via vdW interactions playing a main role for hexan-1-ol and heptan-1-ol 

molecules. Compared to the other alcohols considered here, butan-1-ol seems to gather 

overlapping of both effects, leading to the smallest attraction and subsequently to the highest 

number of isolated molecules. Note that contributions from HB and vdW interactions in the 

Eint (Ai - Ai)s term were not discriminated. Thereafter, the crosslinked PABu structure was put 

together with the set of ten identical alcohol molecules (only one polymer bloc is in fact 

“mixed” with the alcohol molecules), and energy minimization was achieved again. The 

resulting energy term was designated E(Polym+10 Ai), i=1…7, and the corresponding values 

are given in Table S6. It is then possible to provide the energy of the overall interactions 

(denoted Eint (Total)s-p (s-p: solvent-polymer system), as the summation of the Ai - Ai 

component but also that of Ai –Polym) by the following relation:  

Eint (Total)s-p = E(Polym+10Ai) - E(Polym) - 10.(Ai)   i=1…7  (10) 
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This set of calculated energy values must be completed by the information about nature and 

number of hydrogen bonds by making a difference between –H…HO-C- contributions, 

related to Ai - Ai interactions, (N(Ai - Ai,HB)s-p), and both H…O=C< (ketone groups) and 

H…O < (ether groups) contributions, which correspond to Ai -Polym interactions (N(Ai –

Polym)). The corresponding data are given in Table S6. The values of Eint (Total)s-p obtained 

from Eq. 10 and listed for each alcohol in Table S6 can then be exploited to share the Ai-Ai 

from Ai -Polym contributions. Despite both Ai -Polym components could be evidenced by 

visual analysis of the 3D image, it was not possible to distinguish them numerically in the 

energy term. The analysis of nature and numbers of interactions shows different features:  

a) The overall number of HB interactions gradually decreases from 10 to 6 while increasing i. 

This implies that by increasing the alkyl chain length of the alcohols, their individual motion 

in the free volume will become easier. This confirms, to some extent, at least qualitatively the 

conclusions drawn from Table S2 and from Table S6, i.e. methanol and ethanol present the 

highest k values and show the largest rate of interactions with the crosslinked PABu network 

with respect to the other alcohols, respectively. 

b) Once again, the Ai - Ai HB interactions are low for butan-1-ol but the dependence of N(Ai - 

Ai,HB)s-p on Ai seems to be more complex and their corresponding values are lower, as 

expected, than for the pure solvent system. There is of course competition with the Ai -Polym 

interactions. Nevertheless, Ai - Ai HB interactions remains dominant compared to those from 

Ai –Polym, and represent more than half of the overall interactions. 

c) Solvent-polymer interactions are dominated by H…O=C< forces. The H…O < component 

occurs only for small alcohols and vanishes beyond propan-1-ol. This trend may come from 

sterical effects, due to increased mutual obstruction of the larger alcohols in the movement for 

reaching the ether groups with respect to the dangling ketone groups. 



 

21 

 

d) No isolated alcohol molecule could be evidenced by visual analysis of the 3D images. This 

implies that the polymer network retains each molecule through these new interactions. 

Figure 8 presents the extreme cases for illustration of the overall behavior of the alcohol 

molecule in presence of the polymer network: methanol (Fig. 8a), butan-1-ol (Fig. 8b) and 

heptan-1-ol (Fig. 8c). The images were obtained with the help of ACD/ChemSketch and 

ACD/3D Viewer softwares 2015 2.5 (freewares). For simplification purpose, only a small 

fraction of the polymer was sketched and faces the ten identical alcohol molecules. These 

illustrations should be seen as pictures of typical situations drawn from molecular simulation 

and as graphical interpretations of the three situations described by the values of N(Ai - 

Ai,HB)s-p and of N(Ai -Polym) for (H…O=C<) and (H…O<) bonds from Table S6. 
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Figure 8: Typical situations issued from molecular simulations and related to the values of 

N(Ai - Ai,HB)s-p (intermolecular HB bonds, blue arrows) and of N(Ai -Polym) for (H…O=C<) 

(yellow arrows) and (H…O<) (green arrows) bonds for: (a) methanol, (b) butan-1-ol and (c) 

heptan-1-ol (see Table S6). 

 

In the case of methanol, the small side of the molecule supports its penetration into the 

polymer to interact with it through both bond types (3 H…O=C<  and  2 H…O< bonds) but 

strong mutual interactions are also favored thanks to the small carbonaceous chain length and 
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their prominent polar sites. The intermediate size of butan-1-ol also favors penetration into the 

polymer bulk but only H…O=C< bonds (four) are seen since dangling ketone groups remain 

still accessible to this molecule. For the largest considered alcohol, e.g. heptan-1-ol, the size 

effect, so the movement embarrassment, becomes prominent and HB bonding gets more 

difficult. Few molecules (two) succeed to reach the ketone groups inside the polymer and 

intermolecular interactions are dominating. 

Knowledge of the weights of the different interaction contributions allows calculation of the 

energy terms Eint (Ai - Ai)s-p and Eint (Ai -Polym), namely. This can be achieved by considering 

the following equations: 

Eint (Ai - Ai)s-p = (10-N(Ai -Polym))/10. Eint (Ai - Ai)s  i=1…7   (11) 

Eint (Ai - Polym) = Eint(Total)s-p - Eint (Ai - Ai, )s-p  i=1…7   (12) 

The calculated values of Eint (Ai - Ai)s-p and Eint (Ai -Polym) given in Table S6 are presented in 

Fig. 9. The data on the graphs were normalized to the butan-1-ol-related values for further 

analysis. The main features of the results can be summarized as: 

a) Eint (Ai - Ai)s-p values are quite stable up to propan-1-ol. The butan-1-ol (i =4) situation 

depicts some change in the Ai - Ai interactions configuration before roughly stabilizing at 

higher values. This could be explained by the influence of the vanishing of both H…O=C< 

and H…O < interaction types, which may contribute to diminish the Ai - Ai interaction, 

beyond the butan-1-ol case. 

b) The evolution of Eint (Ai -Polym) with Ai makes evidence of a maximum of the 

interactions of alcohol with the crosslinked PABu simulated network, which is centered 

around butan-1-ol, where a balance was found between pure HB Ai - Ai  and O=C< 

interactions. This could come from some resonance of a size effect between the alkyl chains 

lengths of both ABu and butan-1-ol patterns. Note that the abscissa position of this maximum 

coincides with that shown of the experimental SDW data at equilibrium, e.g. SDWe (Fig. 5). 



 

25 

 

 

Figure 9: Dependence of Eint (Ai - Ai)s-p and Eint(Ai -Polym) energies vs i in Ai. All data were 

normalized to the values related to butan-1-ol. 

 

Figure 10 shows a graph of the variations of SDWe vs i in Ai. SDWe data were taken from Fig. 

3 in order to include the heptan-1-ol case. These experimental data follow the same general 

tendency compared to the normalized interaction energy Eint (Ai -Polym) shown in Fig. 9, i.e. 

the existence of some correlation between swelling data and Ai -Polym interactions could be 

suggested and discussed. This statement concerning the Eint (Ai -Polym) term could be 

interpreted as the result of the affinity of the internal surface of the polymer with respect to 

the considered solvent, mainly governed by HB interactions. The special affinity with butan-

1-ol was already mentioned. But this calculated energy term does not ascribe completely for 

the two small alcohols, methanol and ethanol, since their energy values are larger than 

expected with regard to the normalized SDe values. Of course, there is no immediate relation 

between swelling and the interaction energy Eint (Ai –Polym). Some correction should be 
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applied to account for contribution to repulsion forces between the polymer chains and the 

solvent. This can achieved by considering the molar mass of the alcohol, M, which is related 

to the typical size, but mostly to that of the alkyl chain linked to the alcohol group of the 

solvent. Once the interaction of the solvent has taken place at the interface of the swollen 

polymer network through HB, the electron pairs of the alkyl groups present both in the 

polymer and the solvent contribute to short-distance mutual repulsion forces. 

 

 

Figure. 10: Dependence of SDWe (Ai) and F(i) (Eq. 13) vs i in Ai. All data were normalized to 

the values related to butan-1-ol (A4). Error bars are related to SDWe. 

 

This effect gets larger and induces more polymer chain deformation as the alkyl chains has 

more carbons, so as M increases. The simultaneous but opposed contributions of Eint (Ai -
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Polym) and M can be ascribed by considering their product through an effective function F(i), 

normalized to value related to butan-1-ol case, defined as follows: 

F(i) = Eint (Ai -Polym)/ Eint (A4-Polym). M(Ai)/ M (A4)    i=1…7  (13) 

The resulting values of F(i) are given in Fig. 10 for the purpose of comparison with the data 

relative to mass uptake resulting from experiment. Interestingly a fairly good agreement was 

observed between the outcome of the theoretical but simple approach (effective function) and 

the experimental swelling data. Of course, this does not demonstrate formally an univocal 

relation of SDWe and F(i), but the agreement is sufficiently good to indicate a strong 

correlation between both quantities. Figure 10 illustrates the transition from Eint(Ai -Polym)(i) 

(Fig. 8) to F(i) data. While the matching of experimental data and F(i) shown by Fig. 10 is 

not perfect, it can be noticed that the M(Ai) term weakens significantly the influence of the 

Eint(Ai -Polym)(i) term in F(i) in the range methanol - propan-1-ol. The free volume filled by 

the alcohol induces less mechanical constraints on the polymer chains due to the small size of 

their alkyl part and the strong mutual interactions of these latter alcohols. Since their 

collective movement relative to the polymer is quite fluid, these small alcohol molecules 

permanently adapt their position to the available volume. Beyond butan-1-ol, the large size of 

the alcohols leads to less flexibility of fluid volume and improve the mechanical stress 

induced by repulsive force (electrostatic repulsion, typically) on the polymer chains. This 

effect, increasing with M, compensates the drop of the Eint(Ai -Polym)(i>4) term which is due 

to the decrease of the interfacial HB attractions. Many reports exist in literature dealing with 

polymer simulation but a few of them are related with their swelling behavior on the basis of 

molecular dynamics simulation [48-51]. Polymer mobility is generally described by Langevin 

dynamics simulation [48], in which the solvent is considered as a continuum with tunable 

solvent quality (partially or good swelling properties), governed by free energy parameter. 

Typical response of a polymer in swelling-collapse cycles is obtained through Flory–Huggins 
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(FH) theory and its variants [49]. Most of these models apply on statistical physics to account 

for chain length-dependent behavior of a single polymer molecule. 

Other researchers also worked on prediction of organic solvent permeability through polymer 

membranes and highlighted its strong dependence on solvent viscosity, pore size and 

polymer-solvent interaction [50-51]. A main feature of these reports is the strong effort made 

on polymer membrane construction. They hence computationally monitor swelling and the 

related pore size. Liu et al. [51] stressed the difficulty to reproduce the subsequent pore size 

change of the polymer exposed to the considered solvents (methanol, ethanol, acetonitrile and 

acetone), despite a good trend prediction. They also mentioned, as expected, the main role of 

solvent-polymer interactions. 

 

Conclusions 

In this study, the swelling properties of a chemically crosslinked PABu network were 

investigated at room temperature as function of soaking time. A series of seven linear primary 

alcohols, from methanol to heptan-1-ol, were considered as solvents. The swelling data of 

these systems were successfully described by second-order kinetics with exception of heptan-

1-ol. In particular, it has been noticed that swelling degree at equilibrium was strongly 

influenced, but not linearly, by the length of the alkyl chain of the primary alcohols, since it 

increases from methanol to butan-1-ol reaching a maximum and then decreases slightly. An 

attempt was made to explain this unusual “butan-1-ol effect” by discussing solubility 

parameters using methods developed by Hansen, Fedors, and Gee. Finally, a commercial 

molecular dynamics software was used to investigate the nature of the interactions of each 

alcohol with a polymer-like structure simulating the chemically crosslinked PABu network. 

The study enabled to describe theoretically the experimental swelling data through the 
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definition of a function involving the product of the calculated energy of alcohol-polymer 

interaction and the molar volume. 
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