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ABSTRACT 11 

Three room temperature-vulcanized rubbers were thermally aged under air at 250°C or submitted to 12 

aminolysis at room temperature. Ageing was followed by uniaxial tensile testing, sol gel 13 

measurements in toluene, and Time Domain Double Quantum NMR characterization. Mechanical 14 

tests were exploited to identify the parameters of the Ogden model so as to describe the 15 

hyperelastic behavior of PDMS. Sol gel and Double Quantum NMR were used to track and quantify 16 

macromolecular changes within the samples. A multiscale correlation between the results of each 17 

technique was proposed to highlight the understanding of multiscale analysis in rubber ageing. 18 

 19 
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INTRODUCTION 23 

Polydimethylsiloxanes are a set of elastomer polymers which are widely used as insulator coatings or 24 

concrete additives due to their hydrophobicity [1], as biomaterials due to their biocompatibility [2], 25 

and as sealants due to their resistance to highly polar solvents (alcohols, water, acetonitrile …) or 26 

moderately ones (ketones, esters…) [3,4], among other applications. They can be considered as 27 

relatively expensive compared to common rubbers (EPDM for instance) yet they still are considered 28 

as a commodity material[5], and, as all crosslinked materials, they are almost impossible to recycle, 29 

which makes necessary to increase their lifetime. 30 

The chemical mechanisms of degradation have been extensively studied by several authors like as 31 

Grassie [6], Camino [7] among others [8,9]. By combining TGA analyses in anisothermal or isothermal 32 

mode, and analyses of VOC release, two main mechanisms were highlighted: thermal 33 

depolymerisation (also named unzipping) occurring in chain ends and/or randomly and thermal 34 

oxidation.  35 

The effect of ageing has been also investigated at a macromolecular scale [10,11] in particular for 36 

radio-oxidative ageing. The main complexity for this polymer is the difficulty in the analysis of 37 

insoluble networks, in which the glass transition temperature only slightly changes with crosslink 38 

density [12,13] in comparison with epoxies for instance [14], leading to a difficult track of either 39 

mailto:agustin.rios-de-anda@u-pec.fr
mailto:emmanuel.richaud@ensam.eu


2 
 

chain scission or crosslinking variation. Crosslinking trackers such as the decrease on crystallization 40 

are easy to follow but hard to exploit in the absence of well-established quantitative relationships. As 41 

such, Time Domain Double Quantum (DQ) 1H NMR appears as a pertinent tool since it can directly 42 

measure a variation on crosslink density through chain scission, and can thus link such variation to 43 

the distribution of molar mass between crosslinks [15,16]. Moreover, DQ NMR yields also the 44 

crosslink density distribution, the percentage of free and dangling chains and the relaxation times of 45 

elastically-bond chains, and their evolution with ageing. As such, this technique can give valuable 46 

intrinsic structural information not available from other macroscopic techniques such as swelling or 47 

mechanical characterizations. Furthermore, the great advantage of using this method in PDMS is that 48 

there is no need to overheat samples (with subsequent in situ degradation) since they are already in 49 

the elastic rubbery domain at room temperature.  50 

At macroscopic scale, despite existing works of the modelling of elastic behavior in PDMS [17], and 51 

on the effect of ageing [18,19], they are only few works dealing with the modeling of the effect of 52 

ageing on mechanical properties.  53 

Consequently, this paper aims to study the macromolecular change in PDMS networks with 54 

controlled level of selective ageing leading specifically to chain scission or crosslinking and propose a 55 

set of mechanical behavior laws related with such macromolecular changes. For that purpose, three 56 

Room Temperature Vulcanized PDMS differentiated by their initial crosslink density will be studied. 57 

They will be aged following two distinct conditions (thermal ageing and aminolysis) expected to have 58 

different consequences in terms of macromolecular architecture variation. Ageing will be monitored 59 

by mechanical testing and DQ NMR in order to establish a relationship between the evolution of 60 

PDMS structure with its ageing. The aim of this work is to complete current literature on this topic. 61 

Indeed, such literature discusses mainly the influence of ageing on crosslink density and the 62 

evolution of the mechanical behavior. In this work, by taking advantage of all obtained experimental 63 

data, we aim to further the understanding and establishing physical correlations between molecular 64 

and macroscopic experiences, namely by relating a mechanical elastic model, to the crosslink density 65 

distribution and relaxation times obtained by DQ NMR, which has seldomly been considered. Such an 66 

approach can readily be applied to other elastomers and thermosets in general. 67 

 68 

MATERIALS AND METHODS 69 

 70 

1. Materials 71 

 72 

Three Room Temperature Vulcanized non-reinforced PDMS were considered in this work. They were 73 

supplied by Esprit Composite as bicomponent mixtures, i.e. Part A containing PDMS chains with some 74 

Silyl Si-H groups, and Part B containing vinyl ended PDMS chains. Pt catalyst is present in only one of 75 

the parts so that reaction starts when part A and part B are mixed. Curing was performed at room 76 

temperature according after having mixed part A and part B in equal mass ratios. The reactive 77 

mixture was stirred and homogenized for 2 minutes, casted in a Petri dish and cured for 24 h at room 78 

temperature. The mass of reactive mixture poured in Petri dish was adjusted to obtain 2 mm-thick 79 

samples. 80 

According to supplier data, the shore hardnesses were respectively equal to 10, 33 and 42, 81 

confirming their different crosslink density. After curing, samples were punched in order to obtain 82 
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ISO 527-2B type samples 15 mm in length on the strain zone, 4 mm width, and 2 mm thick. Given the 83 

relatively high permeation of oxygen into PDMS rubbers [20], it will be assumed that samples are 84 

homogenously degraded and that there is no DLO effect. This will be tentatively justified by 85 

experimental data (see later). 86 

 87 

2. Ageing conditions 88 

2.1. Thermal ageing 89 

PDMS samples were isothermally aged at 250°C under ambient air in a UF55 plus Memmert 90 

ventilated oven with exposure duration varying from 5 hours up to 5 days. 250°C was chosen as a 91 

simple manner to accelerate degradation with a predominant crosslinking, as it will be discussed 92 

later. 93 

 94 

2.2. Aminolysis 95 

PDMS samples were immersed in a solution made of THF/EtOH (50ml/2.5 g), KOH (0.72 g) and N-96 

ethylaniline (0.1 g). Exposures were performed at 25°C for 1 and 2 hours. 97 

 98 

3. Characterization 99 

 100 

3.1. Sol Gel analysis 101 

Samples (m0 about 100 mg) were immersed in toluene. After 72 h, the swollen mass mswollen was 102 

estimated. This duration was verified to correspond to solvent sorption equilibrium within the 103 

materials. Samples were thus left in a hood for the solvent to evaporate, and the mass of dried 104 

samples mdried corresponding to the insoluble network was measured after 24 hours of drying. 105 

Obtained data were used to estimate the swelling ratio: 106 

   
        

      
              107 

and the soluble fraction: 108 

   
         

  
                          109 

 110 

3.2. Tensile tests 111 

Uniaxial tensile tests were performed on an Instron 5966 device, equipped with a 10kN sensor load. 112 

Tests were performed at a 100 mm min-1 elongation rate. At least five samples per formulation per 113 

ageing were tested. 114 

 115 

3.3. Time Domain DQ 1H NMR 116 
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1H Double Quantum DQ experiments were conducted on a Bruker Avance III 400 NMR equipped with 117 

a 5 mm 1H Static probe. These experiments are based on Baum–Pines pulse sequences [21,22] 118 

optimized by Saalwächter [23,24,25,26,27,28,29,30], Lorthioir [31,32]. Such experiments yield two 119 

components as a function of the DQ evolution time  DQ: the DQ buildup IDQ and the reference decay 120 

Iref. Figure 1a shows an example of such signals. The full magnetization of the sample ITOT corresponds 121 

to the sum of IDQ and Iref, and comprises the response of both the dipolar coupled network and the 122 

uncoupled mobile network defects such as dangling or free chains. These fractions are characterized 123 

by different types of relaxation behavior. Chains fully belonging to the network relax faster and non-124 

exponentially, whereas dangling and free (i.e. non-elastic) chains exhibit a slower exponential 125 

relaxation. 126 

As described previously [33,34,35,36,37,38,39,40,41,42], in order to properly get access to the 127 

network structure, DQ experiments must be undertaken in the temperature-independent regime, i.e. 128 

the probed molecular motions must be effective in the fast motion regime. All DQ NMR 129 

measurements carried out on all PDMS were conducted at 23°C, at least 90°C above their presumed 130 

glass transition temperature Tg of -120°C. These ensures that all tests are carried out in the fast 131 

motion regime. 132 

In this temperature-independent regime, to discriminate the network structure influence on the DQ 133 

build-up, a normalization of this signal has to be carried out. This normalized signal InDQ is calculated 134 

according to Eq. 3 and it must reach a plateau at the value 0.5 [36,37,38]. 135 

     
   

             
 (3) 136 

 137 

This normalization (i.e. Eq. 3) considers the subtraction of the non-elastic chains Idef (i.e. dangling or 138 

free chains) contribution from the total signal. A heuristic approach readily allowing the identification 139 

and subtraction of this contribution is to fit Idef through a double exponential from the Iref – IDQ v.s.  DQ 140 

signal [15,27,36]. Extrapolating this Idef fit to  DQ = 0 gives the percentage of defects (i.e. non-elastic 141 

chains) wdef. An example of this approach is given in Figure 1a. 142 

   143 

 144 

(a)    (b)    (c) 145 

Figure 1. 1H DQ  NMR Iref, IDQ, Iref − IDQ, and Idef signals vs DQ obtained for the Shore 33 PDMS. The 146 
contribution from defects Idef is emphasized in the Iref − IDQ signal as the fraction of the signal with a 147 

long relaxation time (dashed black curve). Extrapolation of the Idef signal to τDQ = 0 gives the 148 
fraction of defects wdef (a) Normalized InDQ signal for the Shore 33 PDMS obtained from Eq. 3 and 149 

fitted with Eq. 5 to compute the numerical Dres value (b). Iref signal for the Shore 33 PDMS fitted by 150 

Eq. 7 to obtain  and b (c). 151 
 152 
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Moreover, InDQ gives access to the residual dipolar coupling Dres related to the network structure. In 153 

turn the local average dynamic segmental orientation parameter Sb is deduced using Eq. 4, in which 154 

Dstat is the static coupling constant, Dres the residual dipolar coupling, and k a correction factor related 155 

to intersegmental motions. The key point is that Sb is directly related to the intrinsic structure of the 156 

polymer network via R, the average end-to-end vector between cross-links or equivalently via N, the 157 

number of statistical segments between crosslinks. b is the statistical segment length. By considering 158 

that R2 = Nb2 as for ideal chains, Sb should be proportional to 1/N, or equivalently to the cross-links 159 

density vC = 1/MC as detailed in Eq. 4 . 160 

    
    

     
 

  

    
 

 

 
 

 

  
    (4) 161 

To obtain the Dres value for each sample, each InDQ signal was fitted by a function detailed in Eq. 5, up 162 

to InDQ = 0.48: 163 

                         
 
  (5) 164 

where n is an exponent varying between 1 and 2. The closer n is to the value of 2, the more 165 

homogeneous the network is. Figure 1b shows an example of such a fit for the Shore 33 PDMS. 166 

Moreover the Dres values distribution was obtained by considering a Tikhonov approach [35]. As the k 167 

factor and the value of Dstat are known for PDMS, the crosslink density measured by 1H DQ NMR C-168 

NMR can be calculated from Eq. 6 [15] and compared to th value computed from mechanical tests.  169 

       
       

         
 (6) 170 

Finally, through an Anderson-Weiss approach [43,44], the relaxation times of the elastic chain 171 

domains  were calculated by fitting the IREF signal decay in the elastic chains region with a 172 

compressed exponential as detailed in Eq. 7 where  is a distribution exponential. The closer  is to 173 

2, the  relaxation times  distribution is closer to a normal distribution. An example of such fit is given 174 

in Figure 1c. 175 

     
 

  
      

 


 
 

               

RESULTS 176 

 177 

1. Initial characterization 178 

 179 

The concentration in elastically active chains C-FR can be calculated from the Flory Rehner equation 180 
[45] in which the correction for phantom network was added since the high solvent uptake induces a 181 
large deformation [37]:  182 
 183 

                                     
 
  

  

 
  
   

 
              

 184 
Where  185 
 186 
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 187 

where C is the concentration in elastically active chains (mol l-1),  is the volume fraction of PDMS in 188 

the PDMS-toluene swollen mixture, Vm toluene is the toluene molar volume (106.1 cm3 mol-1), f is the 189 

functionality of PDMS network, and  is the Flory parameter describing the interaction between 190 

PDMS and toluene given by Eq. 10 [46]. 191 

 192 

 = 0.459 + 0.134 + 0.59²     (10) 193 

 194 

The initial characterization of PDMS rubbers is given in Table 1. 195 

 SR (Eq. 1) SF (Eq. 2) (Eq. 9) (Eq. 10) C-FR (mol l-1) (Eq. 8) 

shore 10 4.067-4.094 0.133-0.135 0.203-0.204 0.508 0.037 

shore 33 2.848-2.995 0.043-0.045 0.283-0.295 0.544-0.547 0.81-0.86 

shore 42 2.432-2.467 0.042-0.044 0.349-0.355 0.572-0.575 0.123-0.128 

Table 1. Initial characterization of PDMS under investigation (range mean that data were obtained 196 

for triplicates). 197 

It is however complicated to assume that the use of Eq. 8 according to the phantom model will 198 

remain valid for aged samples where solvent uptake will be changed by either chain scissions or 199 

crosslinking, or that their behavior will be described by the affine model. That is the reason why in 200 

the following of this paper, we will only consider swelling ratio or soluble fraction.  201 

 202 

Afterwards, the mechanical properties of samples where studied. Obtained stress strain curves are 203 

given in Figure 2, displaying the classical hyperelastic behaviour also observed in [47,48], namely an 204 

upturn in the high strain domain (300% and above). As it will be discussed later, this means that 205 

elastic modulus changes with the deformation level. In other words, it is difficult to describe and link 206 

together the architecture of the polymer’s network and its elastic modulus, for instance at low strain.  207 

More robust trackers are needed which militates, for us, to use robust hyperelastic models such as 208 

explained in the Discussion section. It seems however clear that, by observing the tensile test results, 209 

there is a clear difference in crosslink density between the three networks considered herein (as also 210 

observed in Table 1).  211 

 212 
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 213 

Figure 2. Stress strain curves of unaged PDMS. 214 

 215 

The three non-aged PDMS were then characterized by 1H DQ NMR. Table 2 lists the NMR crosslink 216 

densities C-NMR as well as the relaxation parameters  and  from Eq. 7. It is seen that the Shore 33 217 

and Shore 42 PDMS have close C-NMR,  and b values. This would mean that their crosslink density, as 218 

well as the elastic chains mobility and distribution is similar. For the Shore 10 sample, the C-NMR are 219 

lower than for the Shore 33 and Shore 42 PDMS, meaning that this sample is less crosslinked. 220 

Moreover for the Shore 10 sample  is larger and b is smaller than for the Shore 33 and Shore 42 221 

PDMS, meaning that the chains in this sample are more mobile and with a wider relaxation time 222 

distribution. 223 

These results are in good agreement with the macroscopic mechanical characterizations. Indeed 224 

Shore 10 PDMA has lower moduli and larger elongation at break than Shore 33 and Shore 42 PDMS 225 

which is a macroscopic indication of a lower crosslink density at the molecular level. 226 

 227 

2. Mechanical characterization of aged samples  228 

 229 

Stress strain curves of PDMS after various level of thermal ageing are given in Figure 3. They can be 230 

commented as follows: the hyperelastic behavior is observed for virgin and aged PDMS, followed by 231 

a progressive decrease in ultimate elongation, together with an overall increase in apparent elastic 232 

modulus in the short deformation range. 233 
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 234 

235 

 236 

Figure 3. Stress strain curves of PDMS before and after thermal oxidation at 250°C under air. 237 

 238 
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These changes are in accordance with a predominant crosslinking mechanism. This is consistent with 239 

the literature, where possible oxidation mechanisms are proposed involving the radical oxidation of 240 

methyl group with formation of peroxides (Scheme 1a) or the scission of main chain followed by a 241 

recombination for instance (Scheme 1b). 242 

 243 

 244 

 245 

 246 

 (a) 247 

 248 

 249 

(b) 250 

Scheme 1.  Possible thermal oxidation mechanisms [16,49,50,51]. 251 

 252 

Aminolysis corresponds to a reaction for which a polar species may induce a chain scission process, 253 

converting an insoluble network into free soluble chains. This reaction has been studied in the case 254 

of tetrafunctional PDMS networks cured with an organostanous catalyst [52,53]. Its effect on the 255 

mechanical properties of PDMS is illustrated in Figure 4. Overall, it seems that the hyperelastic 256 

behavior is lost, together with an apparent decrease of elastic modulus at low strain.  257 

2 2

O2
R

OH

+
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 258 

 259 

 260 

 261 
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Figure 4. Stress strain curves of PDMS before and after aminolysis. 262 

These changes correspond with the well accepted following mechanism: potassium hydroxide and 263 

the secondary amine for a cation (Scheme 1 – step 1) can react by a substitution reaction with Si-O 264 

groups (Scheme 1 – step 2), inducing a scission of elastically active chains. At the end of the reaction, 265 

the secondary amine is regenerated (Scheme 1 – step 3) so that reaction can go on until the 266 

degelation of the network, i.e. the loss of all elastically active chains meaning that network turn back 267 

to a soluble state. However, the fact that elastically active chains decrease slowly within the first 268 

hours of ageing suggests a mechanism occurring rather in the samples’ surface than in its bulk.  269 

 270 

   (1) 271 

  (2) 272 

  (3) 273 

Scheme 2. Mechanisms of aminolysis. 274 

 275 

3. Macromolecular characterization of aged samples 276 

 277 

The swelling ratio and soluble fractions were measured before and after thermal oxidation. A slight 278 

increase is observed at early exposure times, revealing the existence of chain scission process. This 279 

one is counterbalanced by a predominant crosslinking process at long ageing times. For aminolysis, 280 

the soluble fraction decreases, but this is not surprising since short chains are directly extracted by 281 

the liquid media during ageing. Overall, the swelling ratio remains fairly constant, according to the 282 

same reasons evoked in the paragraph above. 283 

+ KOH

+ EtOH +
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 284 

 285 

Figure 5. Changes in swelling degree (a) and soluble fraction (b) after thermal oxidation at 250°C 286 

under air. 287 

 288 

 289 
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 290 

 291 

Figure 6. Changes in swelling degree (a) and soluble fraction (b) after aminolysis. 292 

 293 

Since exploitation of sol-gel measurement for estimating crosslink density is somewhat tricky, DQ 294 

NMR tests were performed. Figure 7 and Table 2 show that in the case of Shore 10 PDMS, thermal 295 

aging seems to increase the crosslink density C. This might be due to priming further chemical 296 

reactions happening during heating. This is also observed on the elastic chains molecular mobility. 297 

Indeed,  diminishes and b increases, which would lead to think that the mobility decreases as chains 298 

become more entangled due to the priming of new crosslink reactions. 299 

In the case of Shore 33 and Shore 42, the increase of C is only observed after 120h thermal aging. It 300 

might be possible that at this temperature, both chain scission and chain crosslinking are competing 301 

with each other, thus yielding higher crosslink densities compared to the non-aged material. 302 

Otherwise, thermal and aminolysis aging leads to chain scission for both PDMS and the longer the 303 

aging, the greater the loss in crosslink density. This is accompanied by an increase in elastic chains 304 

molecular mobility as observed by the increase on  with aging time. 305 

 306 
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Interestingly, C distribution remains relatively narrow compared to comparable data obtained in the 307 

case of climatic ageing (which is, in essence, more heterogeneous). We hence believe that there is no 308 

DLO effect. 309 

By considering a Tikhonov approach, we were able to calculate the distribution of Dres ergo C-NMR 310 

values from 1H DQ NMR data for all studied samples. Figure 8 plots these distributions centered 311 

along the mean value for each non-aged PDMS sample, as it is visually easier to differentiate each 312 

distribution. 313 

 314 

 315 

(a)      (b) 316 

 317 

(c)      (d) 318 

Figure 7. 1H DQ NMR C-NMR distributions for shore 10 PDMS (a) and data centered along the mean 319 

value for each non-aged PDMS sample: raw data for Shore 10 (b), Shore 33 (c) and Shore 42 (d). 320 

 321 

Figure 7a plots the absolute C-NMR distributions for the Shore 10 samples. As it can be seen, a visual 322 

difference on distributions cannot be differentiated. Thus, it was decided that the C-NMR distributions 323 

would be centered according to the non-aged sample for a better visualization. This is observed in 324 

Figures 7b through 7d.  325 

It can be seen in Figure 7 that the influence of aging for each PDMS on the C-NMR distribution is 326 

distinct among the three studied materials. For Shore 10, it is seen that both thermal aging up until 327 
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24h and aminolysis aging yield a narrower C-NMR distribution. In the case of thermal aging for this 328 

material, this could be explained by the fact that C-NMR increases with aging time, leading to propose 329 

that further crosslinks are formed and thus the material becomes less heterogenous. For long 330 

thermal aging exposure, chains start to be broken and thus the heterogeneity of the materials 331 

increases. In the case of aminolysis, as it is an aggressive aging medium, chains are broken and the 332 

crosslink density rapidly diminishes. Yet as chain length diminishes, it tends towards more regular 333 

masses, thus yielding a narrower C-NMR distribution. For Shore 33, the C-NMR distribution becomes 334 

broader with thermal aging and for 1 h aminolysis, as chains are broken, this PDMS inner structure 335 

becomes more heterogeneous, thus yielding larger C-NMR distributions. In the case of 2 h aminolysis, 336 

a similar effect as the one described for Shore 10 might explain the narrowing of C-NMR distribution. 337 

Finally, for Shore 42, regardless of aging method or time, the C-NMR distribution becomes broader 338 

with aging time, leading to conclude that for this PDMS, as chains are broken by aging, this material 339 

inner chain morphology becomes more heterogeneous. 340 

 341 

Sample Conditionning Mechanical testing 1H TD-DQ NMR 

E 
small 
def 

(MPa) 

C-mech = 
E/3RT small 

(mol/kg) 

3c1 + 4.5c2 
(MPa) 

C-mech = 
(3.c1+4.5c2)/3RT 

small (mol l-1) 

vC-NMR  
(mol l-1) 

 
(ms) 



Shore 
10 

Neat 0.217 0.029 0.207 0.028 0.043 3.76 1.16 

Thermal 
aging 

5h 0.218 0.029 0.299 0.04 0.045 3.89 1.24 

24h 0.150 0.020 0.175 0.024 0.048 3.02 1.15 

48h 0.237 0.032 0.365 0.049 0.066 2.89 1.17 

120h 1.12 0.151 0.77 0.104 0.121 1.33 1.27 

Aminolysis 1h 0.30 0.04 0.246 0.033 0.045 3.57 1.32 

2h 0.29 0.039 0.241 0.033 0.048 2.94 1.37 

Shore 
33 

Neat 0.571 0.077 0.601 0.081 0.06 2.01 1.38 

Thermal 
aging 

5h 0.377 0.051 0.52 0.07 0.059 2.74 1.26 

24h 0.340 0.046 0.413 0.056 0.057 2.74 1.28 

48h 0.744 0.100 0.836 0.113 0.082 1.95 1.30 

120h 1.335 0.180 1.412 0.191 0.125 1.17 1.35 

Aminolysis 1h 0.728 0.098 0.672 0.091 0.068 2.05 1.46 

2h 0.85 0.114 0.746 0.101 0.07 1.78 1.63 

Shore 
42 

Neat 0.723 0.097 0.764 0.103 0.081 1.43 1.34 

Thermal 
aging 

5h 0.532 0.072 0.593 0.08 0.066 2.20 1.31 

24h 0.374 0.050 0.537 0.073 0.068 2.30 1.19 

48h 0.487 0.066 0.845 0.102 0.07 2.28 1.18 

120h 1.094 0.147 1.144 0.155 0.102 1.55 1.25 

Aminolysis 1h 0.577 0.078 0.534 0.072 0.071 1.92 1.51 

2h 0.688 0.093 0.614 0.083 0.07 1.62 1.43 

Table 2. Concentration in elastically active chains (Eq. 12) and related values from mechanical and 342 

NMR DQ tests. 343 

 344 

  345 
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DISCUSSION 346 

 347 

The main aim of this section is to propose a model describing the hyperelastic behavior of PDMS with 348 

the minimal number of adjustable parameters, highlighting the changes in macromolecular mobility 349 

from DQ NMR data, propose and justify correlations between macromolecular and mechanical 350 

testing. 351 

 352 

1. Mechanical modelling 353 

 354 

The Ogden model [54] was chosen to represent the hyperelastic behaviour of virgin and aged PDMS, 355 

which allows the total description of the shape of the curve: 356 

 357 

        
     

 

 
  
 
  
       

     
 

 
  
 
  
                    

 358 

Formally, this model is strictly equivalent to the Flory model of affine networks when c2 = 0 and 1 = 359 

2 [55]. In this last case, c1 directly expresses the entropic elasticity of Gaussian chains connected to 360 

two crosslink nodes. Bernardi et al [56] have for instance described the stress and strain curves of 361 

unaged PDMS with an Ogden model composed of three terms. Basing on [57], the hyperelastic 362 

behavior will be justified as the sum of only two components: one given with 1 = 2 for long elastic 363 

chains and the second is characterized by an arbitrary fixed 2 = 3 parameter expressing the 364 

presence of shorter chains (possibly created by the thermal induced crosslinking). Its increase would 365 

express the occurrence of crosslinking process as explained in the previous paragraph. In this 366 

approach, c2 ( = 3) and c1 ( = 2) represent the relative contribution respectively for short chains 367 

and long chains. Those coefficients were extracted from a Matlab® routine (see Supplementary 368 

Information). In general, very good fits (R² > 0.99) were obtained (see Supplementary Information). 369 

Corresponding c1 and c2 values were plotted in Figure 8. As previously observed, in the case of 370 

thermal ageing induced crosslinking, long elastically active chains are converted into shorter ones, 371 

which corresponds to the right part of Figure 7. In the case of aminolysis, where chain scission must 372 

predominate, it is expected that long elastically active chains are converted into some longer 373 

elastically active chains, which seems the case 374 

The advantage of using a hyperelastic model is that the whole stress strain curve can be described by 375 

c1 and c2, which is better than discussing on local elastic modulus values. Considering = 1 + , Eq 9 376 

becomes, at very low strains: 377 

      
 

 
                               

The estimate of C-mech is reported in Table 2. 378 

As previously observed in [48], the oxidation induced crosslinking leads to a disappearance of long 379 

elastically active chains meanwhile the concentration in elastically active short chains increase, i.e. c1 380 

decreases is correlated to a c2 increase. For the aminolysis, where presumably chain scission 381 
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predominates, the same correlation is also observed (despite the experimental scattering), but this 382 

time, ageing results in a c1 increase (and c2 decrease). 383 

 384 

Figure 8. Effect on ageing on the conversion of “long” elastically active chains (expressed by C1) 385 

into short ones (expressed by C2). Full and open symbols respectively correspond to thermal 386 

oxidation and aminolysis.  387 

 388 

C2 quantity was exploited to describe changes in fracture toughness. This latter quantity was 389 

estimated from the area under stress strain curve (denoted by W in the following), corresponding to 390 

the energy per volume necessary to induce failure. The plot in Figure 9 shows that W first increases 391 

with the concentration in short elastically active chains, consistently with previous works [47] but at 392 

too elevated concentration in short elastically active chains, the crack propagates catastrophically 393 

and sample gets brittle.  394 

 395 

Figure 9. Effect of short chains concentrations expressed by C2 on toughness expressed by log W. 396 

 397 
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 398 

 399 

2. Structure properties relationships 400 

 401 

The crosslink density values obtained by mechanical testing for all samples (from Eqs 6 and 12) and 402 

all ageing conditions were confronted to those obtained by DQ NMR. This is graphically shown in 403 

Figure 10. 404 

 405 

 406 

Figure 10. C-NMR values obtained by 1H DQ NMR measurements as a function of C computed from 407 

the Young’s modulus at small deformations according to the affine model for all non-aged and 408 

aged PDMS. The dashed and solid lines are linear fits serving as a guide for the eyes. 409 

 410 

It is observed that for each PDMS, a trend between both data (i.e. mechanical testing and DQ NMR) 411 

is obtained. Two interpretations can be proposed: 412 

- a linear fit with a zero intersect at the origin (Figure 10) 413 

- a linear fit (represented by dashed lines) with an intersect higher than 0 when C-NMR = 0. The 414 

following explanation can be proposed: in theory, if there are no chemical crosslinks, the crosslink 415 

density would be of zero. However physical entanglements act as effective crosslinks within 416 

polymers. The difference between both measurements, i.e. the non-zero x-intercept, is the timescale 417 

at which the materials are probed. Mechanical testing occurs at characteristic times of 1 s whereas 418 

DQ NMR probes the sample at characteristic times of 1 ms. Chemical crosslinks are probed at both 419 

timescales, however physical entanglements are only probed at small timescales, indeed at 1s such 420 

entanglements have relaxed. Thus, DQ NMR is more sensible to characterize chemical and physical 421 

crosslink nodes, with the non-zero x-intercept being the amount of physical crosslinks in these PDMS 422 

formulations. Indeed, for low-crosslinked polymers such as the PDMS studied herein, it might be 423 

possible that the critical percolation threshold has been reached. In theory, for elastic crosslinked 424 

chains, the elastic modulus E can be equated as E=kBTV where kB is Bolzmann’s constant, T is the 425 
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temperature and V is the volume of elastically crosslinked chains, as stated in [37] (and references 426 

cited therein). In such a case, no x-intercept or y-intercept should be observed. The functionality 427 

threshold fc is estimated to be of ca. 3. Below this functionality threshold, the network becomes 428 

floppy and the elastic modulus starts to vanish (i.e. non-zero x-intercept), even though chains are still 429 

topologically connected [37] (and references cited therein). Nevertheless, it is important to point out 430 

that, when all results are plotted together in Figure 10, a mastercurve is observed for all PDMS, non-431 

aged or aged. This means that a correlation between the variation of crosslink density probed at the 432 

molecular scale by DQ NMR and the macroscopic mechanical modulus measured by tensile tests. In 433 

other words, a direct link between the increase or breaking of crosslink nodes with the materials 434 

behavior has been established. 435 

Finally, to relate the molecular mobility to the macroscopic properties of PDMS samples, the 436 

relaxation time  obtained from fitting the Iref NMR signals according to Equation 7 was plotted as a 437 

function of the crosslink density v in Figure 11. Such correlations between the NMR relaxation times 438 

determined from Carr-Purcell-Meiboom-Gill sequences and the concentration in elastically active 439 

chains have been previously discussed in polyester urethane networks [58]. Nevertheless, such an 440 

approach has never been undertaken on aged polymer samples.  441 

 442 

Figure 11. Effect of elastically active chains concentrations (from the 3C1 + 4.5C2 quantity) on NMR 443 

DQ relaxation time τ. 444 

It is seen in Figure 11 that a trend between and is observed. When the crosslink density increases, 445 

the relaxation time decreases. This is due to the fact that during crosslinking, chains become more 446 

constrained (i.e. less mobile), as such they would tend to relax faster than in the case of non-aged 447 

samples. This approach could also be treated as a starting point for a new method determining the 448 

evolution of elastically active chains concentration as a function of polymer aging in future works.  449 

 450 

CONCLUSIONS 451 

 452 

In this work, three systems made of unfilled Room Temperature Vulcanized PDMS were synthesized, 453 

with crosslinks density ranging from 0.028 to 0.120 mol kg-1 corresponding to shore A values ranging 454 



20 
 

to 10 to 42. They were either thermally aged at 250°C under air or submitted to an aminolysis ageing. 455 

Samples were systematically characterized by mechanical tests (uniaxial tensile tests), sol gel analysis 456 

and Double Quantum NMR. Data were exploited to extract the concentration in elastically active 457 

chains. Thermal ageing was shown to induce some chain scissions in the early degradation times, but 458 

crosslinking becomes predominant after 24h ageing at 250°C. Samples degraded by aminolysis 459 

exhibit a behavior attributed to a moderate chain scission process. Stress strain curves were 460 

modelled by a so-called Ogden model with two contributions, respectively associated to long and 461 

short elastically active chains, the first being favored by chain scissions and the second by 462 

crosslinking process. Despite the semi-empirical nature of such hyperelastic model, the parameters 463 

were tentatively justified from their correlation with NMR data and exploited to propose a multiscale 464 

prediction of embrittlement of PDMS networks. 465 
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