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S.I. Chemical composition and properties of the resin used in the study 

As testing system, p-alkoxybenzyl alcohol resin or [4-(hydroxymethyl)phenoxymethyl] polystyrene 

(Wang) resin was used. This resin is often used for solid phase side peptide synthesis, both in the research scale 

and in the production. Under the word “resin”, there are two parts, namely: 1) the solid support, and 2) the spac-

er/linker. The main requirement of a solid support is to be chemically stable, throughout all conditions of the 

synthesis procedure. On the other hand, linker/spacer is a chemical entity that is permanently attached onto a 

polymer support, which temporarily links a growing peptide on current support. Large variety of linkers were 

developed, all of which are used in polystyrene (PS) core resins. So, the concept of Wang resin makes p-

alkoxybenzyl alcohol linker (Wang linker) and polystyrene (PS) (polymer) solid support, which is shown in the 

Scheme S1. 

 

 

≡ Polystyrene solid support 

 

Scheme S1. The concept of the solid support with linker/spacer, which together form [4-(hydroxymethyl)phenoxymethyl] 

polystyrene resin (solid colored ball represents polystyrene (PS) solid support). 

 

The Wang resin studied in this article, is commercial Merck (Merck & Co., Inc., Whitehouse station, 

New Jersey, USA) resin in a form of spherical beads (resin pearls) packed in 5 g glass bottle. The degree of 1% 

cross-linking offers the best compromise between mechanical stability and swelling properties. The resin belongs 

to chemical synthesis, solid supported synthesis and specialty synthesis related categories. The current resin 

belongs to the strong base anion-exchange resin, with a matrix consisted of polystyrene divinylbenzene (PS/DVB) 

copolymer, and hydroxide single bond OH group. More information about the resin used in this research is 

presented in the Table S1. 
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Table S1 Characteristics of [4-(hydroxymethyl)phenoxymethyl]polystyrene (4-benzyloxybenzyl alcohol) resin beads. 

Resin brand Resin 
description 

Particle size 
(μm) a 

Bead (PS) + Linker b Extent of labeling 

Merck PS with 1 % 

(cross‐linking) 

DVB 

37 – 75 

(200 – 400 

mesh) 
 

0.5 – 1.0 mmol·g-1 OH 

loading 

 a An narrow particle size distribution has a major advantage, as the homogeneous size of employed polymer particles is crucial for achieving 

uniform reaction conditions, throughout each individual resin bead. 

 b 4-hydroxybenzyl alcohol moiety (linker) (OH is the linking functional group) bound to a polystyrene (PS) core - polystyrene-based resin 

(linkage has good stability to a variety of reaction conditions, but can be readily cleaved by moderate treatment with an acid). The p-

alkoxybenzyl linker (commonly known as Wang linker) is primarily used for the attachment of molecules possessing a free carboxyl group, 

but has been used to attach a range of functionalities (it can be converted to bromide, chloride, iodide, or trichloroacetimidate, which in tum 

can be displaced with various nucleophilic functional groups. 
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S.II. Characteristics process indices 

The resin thermo-oxidative process indices, such as the ignition temperature (Ti), the temperature at the 

maximum of DTG (the temperature at the maximum mass loss rate) (Tp or Tmax), the burnout temperature (Tb), 

the corresponding times (ti, tp and tb), and the maximum and average DTG (–Rp, and –Rv) process rates (in %/min), 

can be derived from TG-DTG curves [1-3]. Beside these quantities, four other process performance indices, such 

as comprehensive combustibility (S), flammability index (C), the ignition index (Di) and burnout index (Db) can 

be calculated from Eqs. (S1) – (S4): 

𝑆 =  ൫ିோ೛൯·(ିோೡ)೔்మ· ்್                                                                                  (S1) 

𝐶 =  ൫ିோ೛൯೔்మ                                                                                       (S2) 

𝐷௜ =  ൫ିோ೛൯௧೔·௧೛                                                                                      (S3) 

𝐷௕ =  ൫ିோ೛൯∆௧భ/మ·௧೛·௧್,                                                                                (S4) 

where Δt1/2 represents the time range of DTG/DTG(max) = 0.5 (min), while DTG(max) is the resin maximum process 

rate (%/min). More detailed instructions in determining the appropriate ignition and burnout characteristics of 

tested material, as well as the calculation method related to comprehensive thermo-oxidative properties can be 

found elsewhere [4]. Considering Ti, when the ignition temperature is low, it is easy igniting the tested material. 

The burnout of the material is the indicator to stand for its reaction degree. The higher the burnout, the fewer the 

combustible components left in the investigated material. The burnout temperature refers to the temperature at 

which the reaction system is almost completely consumed. The exact recognition of the burnout temperature for 

the resin, enables us to provide a useful insight into the operation of the resin in the process. Related to index S, 

when the S is higher, the combustion performance of the tested resin is in good condition. Additionally, the larger 

the flammability index (C), the better is “combustibility” of the resin. Likewise, if the ignition index (Di) is larger, 

the better is the performance of the resin ignition. The index Db is the important factor for characterizing the 

“combustibility” of combustibles in the present resin. The higher Db value indicates on the good burnout 

performance of the tested resin, improving the combustion performance generally. 

 

S.III. Kinetic analysis 

The rate equation for a single-step solid-state degradation process under isothermal heating is given by the 

following equation: 

ௗఈௗ௧ = 𝐴 · 𝑒𝑥𝑝 ቀ− ாೌோ்ቁ · 𝑓(𝛼),                                                              (S5) 

where R is the universal gas constant (8.314 J/(mol·K)), A is the pre-exponential factor (1/s), Ea is the activation 

energy (J/mol), T is the absolute temperature (K), f(α) is the differential form of reaction model, while α is the 

conversion (the extent of reaction; dimensionless), expressed as α = (mo - m)/(mo - m∞), where mo and m∞ are 
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original (initial) and ultimate mass of the sample, respectively, and m is the actual mass of the sample at 

instantaneous temperature (T) and the time (t). Inserting the constant linear heating rate, β = dT/dt, into the Eq. 

(S5), will give the rate equation (Eq. (S6)) under the dynamic heating conditions, as: 

𝛽 · ௗఈௗ்  ≡  ௗఈௗ௧ = 𝐴 · 𝑒𝑥𝑝 ቀ− ாೌோ்ቁ · 𝑓(𝛼).                                                    (S6) 

The parameters A, Ea and f(α) represent the kinetic triplet, which are to be determined during the kinetic analysis 

of investigated process.  

The integral dependence for solving the Eq. (S6) leads to integration of Arrhenius equation giving: 

𝑔(𝛼) = ׬  ௗఈ௙(ఈ) =  ஺ఉഀ ׬ 𝑒𝑥𝑝 ቀ− ாೌ,ഀோ்ഀ ቁ 𝑑𝑇ఈ  ≅  ஺ఉഀ · 𝐽൫𝐸௔,ఈ, 𝑇ఈ൯,்ഀ଴ఈ଴                               (S7) 

where g(α) is the integral form of f(α), J(Ea,α,Tα) is the temperature integral, while Tα, Aα and Ea,α represent the 

temperature at given conversion (α), the pre-exponential factor and the activation energy values at considered 

conversion (α), respectively. Since f(α) is independent of the temperature and heating rate, this is likewise for its 

integral term. Note that the derivation of the above equation involves an assumption that the Ea must be a constant 

with respect to conversion; the temperature integral J(Ea,α,Tα) has no analytical solution, but many approximations 

exist with the aim of solving this integral, through approximated procedures [5-7]. 

 

S.III.1. Model-free analysis: Friedman (FR), Vyazovkin (VY) and Numerical (NM) methods 

Friedman (FR) isoconversional approach [8] relies on a differential solution of the Eq. (S6), with assumption 

that the chemistry of the degradation process depends only on the rate of mass loss and is independent from the 

temperature. Friedman relation can be derived by taking logarithms of both sides of the Eq. (S6) under different 

heating rates, such as: 

𝑙𝑜𝑔 ቀௗఈௗ௧ ቁఈ,௜ = 𝑙𝑜𝑔ሾ𝐴ఈ · 𝑓(𝛼)ሿ௜ − ாೌ,ഀோ்ഀ,೔.                                                      (S8) 

where subscript “i” designates i-th value of the used heating rate (βi), while Tα,i represents the temperature at which 

the given conversion (α) is reached, at the corresponding heating rate, βi. The activation energy (Ea,α) at α = const., 

can be determined from the slope of the isoconversional line at a given value of α. The linear plot of log(dα/dt)α,i 

against 1/Tα,i is generated for different heating rates, and the activation energy is determined from: slope ≡ -Ea,α/R. 
When used derivative conversion data, this makes that the differential isoconversional method can prone to noise 

sensitivity and numerical instability, but modern software’s contain very effective filters for removing noise and 

background difficulties, thus obtaining reliable data and facilitating their interpretation. 

Vyazovkin (VY) advanced method uses the non-linear regression proposed by Senum and Yang, which 

makes it more accurate over a wider range of TG data [9], and circumvents the inaccuracies related to analytical 

approximation of the temperature integral. However, its application remains limited as the mass transfer becomes 

limiting, at very high conversions (above α = 0.75/0.80 (= 75 %/80 %)). The advanced Vyazovkin’s (VY) model-

free method is a widely recommended integral isoconversional approach, for the accurate determination of 

activation energies, Ea’s [10]. This method proposes an exact equation (non-linear) based on general assumption, 
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that the reaction (kinetic) model is independent on the heating rate. The activation energy at a specific conversion 

value, α, is obtained by determining the Ea value, which minimizes the Eq. (S9): 

∑ ∑ ூ൫ாೌ,ഀ,்ഀ,೔൯·ఉೕூ൫ாೌ,ഀ,்ഀ,ೕ൯·ఉ೔ = 𝑚𝑖𝑛.௡௝ஷ௜௡௜ୀଵ                                                              (S9) 

where 

𝐼൫𝐸௔,ఈ, 𝑇ఈ൯ = ׬  𝑒ିಶೌ,ഀೃ೅ 𝑑𝑇.்ഀ଴                                                               (S10) 

In above equations, Ea,α and Tα are the activation energy and the temperature at a conversion α, respectivelly, 

obtained from independent experimental runs i and j, and performed at different heating rates, β’s. The integral is 

numerically evaluated by using the trapezoidal rule and a uniform grid spacing, that is continuaslly decreased, 

until a difference in the integral values is smaller than 10-6, between the consecutive interactions, is obtained. 

Different activation energy values are then used in above equations and, the activation energy for the process, 

determined as the value of Ea,α, which gives the lower result, for above, Eq. (S9). Advantages of this method are 

that it can be used for multi-step reactions, and that all reaction points are assessed. Disadvantages of this method 

are that it is only suitable for dynamic (non-isothermal) measurements, and that, it provides average values of Ea 

for both parallel and independent reactions. The method described above represents an incremental integral 

isoconversional method, where the specified conversion range Δα is very narrow, with a step of Δα = 0.01. For 

simplicity in the text, the method is denoted by “VY”. 

Numerical optimization method represents model-free method using non-linear least square optimization. 

This method was developed by NETZSCH Co., and it is implemented in the Kinetics Neo software. Numerical 

method searches the optimal functions Ea(α) and logA(α) in order to get best fit for the conversion (T, t). Numerical 

method is based on the results of the analytical Friedman’s method (it is called often modified Friedman’s 

method). The results of Friedman method (curves Ea(α) and A(α)) are optimized numerically in order to achieve 

the better fit between experimental and simulated curves. Calculation of logA is implemented for the first order 

reaction, f(α) = 1 – α. The function for optimization is the sum of squares of deviations between measured value 

Conversion_experimental (T) and calculated value Conversion_simulated (T). This sum is calculated over all 

curves and over all points in each curve, such as: 

𝛺 =  ∑ ∑ ൣ𝛼(𝑇)௜௖௔௟௖ −  𝛼(𝑇)௜௘௫௣൧ଶ௉௢௜௡௧௦ ,஼௨௥௩௘௦                                               (S11) 

where α(T)i
calc and α(T)i

exp represent calculated and experimental conversion values (this also can be implemented 

on the TGA-signals) for considered i-th heating rate used. The numerical method searches numerically values 

Ea(α) and logA(α) which minimize the optimization function Ω (Eq. (S11)). Internally, each point of curves Ea(α) 

and A(α) is a subject of the small changes, and for each change, the sum of the squares of residuals is checked: is 

it better or worse than before. If better then new point in Ea(α) or A(α), is saved. The iterations are repeated until 

no any numerical improvements happens. Advantage of numerical optimization is reflected in the fact that can be 

applied for multiple-step reactions with evaluation of each reaction point at various heating rates, where the mean 

values of kinetic parameters may be extracted.  
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For all presented kinetic calculations, software Kinetics Neo (Product version: 2.6.6.7) was used. This 

software is used most often ability to transform “ln” scale into the “log” scale data, where normally operates, 

especially in the case of Friedman’s method data processing. For all above methods (FR, VY and Numerical 

(NM)), the software uses two available approaches in finding an logarithm of pre-exponential factor (logA): a) 

logA can be estimated from intercept of Eq. (S8) (Friedman method) and following mathematical relations for 

other two methods, on a similar principle as for determination of Ea, for known or assumed f(α) (usually first-

order kinetics), and b) logA can be found from the application of kinetic compensation effect (KCE) model [11-

15].  

Summarizing these isoconversional (model-free) methods, the model-free analysis contains five main 

assumptions, namely: 1) it is based only on the one kinetic equation, as: 

ௗఈௗ௧ = 𝐴(𝛼) · 𝑓(𝛼) · 𝑒𝑥𝑝 ቂ− ாೌ(ఈ)ோ் ቃ,                                                       (S12) 

where A(α) and Ea(α) are the conversion-dependent pre-exponential factor (1/s) and the conversion-dependent 

activation energy (J/mol), which represent wanted quantities in the model-free kinetic analysis (A(α) can be found 

only with assumption of the function f(α)); 2) Ea and A depend on α, 3) the reaction rate at the same conversion 

is only a function of temperature, 4) the total effect (total mass loss or total peak area) must be the same for all 

curves (TGA-signals), and 5) changes of the mechanism should be at the same conversion value. Considering 

applied model-free methods, kinetic parameters are determined using the points at the same conversion between 

α = 0.01 (= 1 %) to α = 0.99 (= 99 %) with a conversion step increment of Δα = 0.01, from measurements at four 

different heating rates (β = 5, 10, 20 and 30 K/min). 

 

S.III.2. Model-based analysis 

Model-based kinetic analysis represents the procedure for the complex chemical process consisting of 

individual reaction steps, where each step can be individually connected to another reaction steps (consecutive, 

competitive, independent, etc.), in order to build a kinetic model of the complex process under the investigation. 

Model-based kinetic approach describes the reaction rate of multi-step chemical reactions by the system (or the 

set) of kinetic equations, where each reaction step has own kinetic equation and own kinetic triplet, containing 

activation energy (E), pre-exponential factor A, as well as the reaction type (Table S2). 

 

Table S2 Reaction models used for solid-state kinetics evaluations studied in this work, within Kinetics Neo software. The 

rate expression: de/dt = k(T)·f(e,p) (k(T): Arrhenius type temperature-dependent rate constant, f(e,p): the reaction model; e - 
the starting concentration of the reactant (e = 1 - α), p - the concentration of the final product (p = α (conversion))). 

Model code f(e,p) a 
 

f(α) b 
Reaction type 

F1 e (1 - α) First order 

F2 e2 (1 - α)2 Second order 
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Fn en (1 - α)n n-th order 

D1 0.5/(1 - e) 1/2α One-dimensional diffusion 

D2 -1/ln(e) 1/[- ln(1 - α)] Two-dimensional diffusion 

D3 1.5e1/3/(e-1/3 - 1) (3/2)(1 - α)2/3/[1 - (1 - α)1/3] Jander three-dimensional diffusion 

D4 1.5/(e-1/3 - 1) 
(3/2)/[(1 - α)-1/3 - 1] Ginstling–Brounshtein three-dimensional 

diffusion 

R2 2e1/2 2·(1 - α)1/2 Reaction on the two-dimensional interface 

R3 3e2/3 3·(1 - α)2/3 Reaction on the three-dimensional interface 

B1 e·p 
 

(1 - α)·α 

Autocatalysis according to the Prout–

Tompkins equation 

Bna enpa 
 

(1 - α)n·αa 

n-th order autocatalysis according to the 

Prout–Tompkins equation 

C1-X (C1) e(1 + KcatX) 
 

(1 + kcat·α)(1 - α) 

First-order autocatalysis, X is the product in 

a complex model, often X = p 

Cn-X (Cn) en(1 + KcatX) 
(1 + kcat·α)(1 - α)n Reaction of n-th order with autocatalysis by 

product  

Cnm en(1 + KcatXm) 
(1 + kcat·αm)(1 - α)n Reaction of n-th order with m-power 

autocatalysis by product 

A2 2e(-ln(e))1/2 
2·(1 - α)[- ln(1 - α)]1/2 

 

Two-dimensional nucleation (Avrami–

Erofeev) 

A3 3e(-ln(e))2/3 
3·(1 - α)[- ln(1 - α)]2/3 Three-dimensional nucleation (Avrami–

Erofeev) 

An n·e(-ln(e))(n-1)/n 
n·(1 - α)[- ln(1 - α)]1-1/n n-dimensional nucleation (Avrami–

Erofeev) 

 a According to Eq. (S13). 

 b According to Eq. (S6). 

 

Result of this analysis represents the kinetic model with kinetic parameters for each reaction step 

considered. Kinetic parameters can be found from the best fit of kinetic model for actual experimental data. Model-

based analysis has the ability to display the reaction rate for each step and concentration of each reactant. This 

approach includes three main assumptions, which are as follows: a) the reaction rate for individual reaction steps 

can be described by the Eq. (S13): 

ௗ௘ೕௗ௧ =  𝐴௝ · 𝑓௝൫𝑒௝, 𝑝௝൯ · 𝑒𝑥𝑝 ቀ− ாೕோ்ቁ,                                                         (S13) 
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where fj(ej,pj) represents the function of reaction type (Table S2), ej is the initial reactant concentration, pj is the 

product concentration, Aj and Ej are the pre-exponential factor and the activation energy, related only for the 

specific reaction step, while j represents the number of specific reaction steps; b) all kinetic triplets are assumed 

to be constant during the reaction advancement, for every individual reaction step, and c) total thermo-analytical 

signal is the sum of signals of the individual reaction steps ‒ the signal of each step is calculated as the reaction 

rate multiplied by the total effect of the given step, e.g., the total enthalpy change or the total mass loss, specified 

by the following equation: 

𝑚 =  𝑚௢ −  𝛥𝑚 · ቈ∑ 𝐶𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛௝ ׬ ൬ௗ൫௘ೕ → ௣ೕ൯ௗ௧ ൰௝ 𝑑𝑡௡௝ୀଵ ቉                                    (S14) 

where m is the mass, mo is the initial mass, Δm is the total mass change, (ej → pj) represents the heat flow on the 

path from the reactant “e” to the product “p”, while “Contributionj” corresponds to the contribution of the j-th 

reaction step to the overall heat flow. Kinetic Neo software within the package that contains model-based analysis 

has the ability to add kinetic models as per their physical and chemical reactions of the materials, whether it is a 

competitive step (parallel/split reaction) or a consecutive step (series reactions). For each reaction step, it is 

possible to add the reaction types in order to determine kinetic triplets, as well as to optimize each reaction step 

with experimental results. After optimizing each reaction step, the customer can optimize the constructed model 

towards the entire process, for the kinetic triplets, as well as for the predictions [16]. The actual analysis uses non-

linear regression methods and allows the optimization of parameters for individual steps or for complete model. 

The fit results act as the agreement between the experimental and simulated curves, for: the measurement output 

– signals, conversion, the conversion rate, concentration for each reactant (and of all reactants), and the reaction 

rates for all steps.  

 

S.IV. Preliminary determination of the type of reaction models involved in the resin degradation 
mechanism 

Based on the conducted model-free (isoconversional) analysis, the appropriate Friedman’s (FR) 

isoconversional plots (for the conversion step of 0.01) were created, and these plots are presented in Fig. S4. 

From the Friedman’s (FR) analysis presented in Fig. S4, on the basis of isoconversional line inclination angle to 

ordinate axis, the arguable reaction type can be decrypted. Obviously, based on the looks of entire Friedman’s 

analysis plots, the considered combustion process is obvious multi-stepped. Two clearly peaks are discernible at 

the considered heating rates, the first one is positioned at lower conversions, while the second one is positioned 

at high conversions. From the isoconversional lines (shades of “pink” to “blue” lines to the particular conversion 

value), the peak slope is much steeper than isoconversional lines, which suggests on the presence of accelerated 

reaction (the process is accelerating). The presence of accelerated reaction(s) can be detected based on the fact 

that the slope of isoconversional lines is gentler than the first peak slope on the Friedman’s plots (Fig. S5). Also, 

it can be observed that exists a slope of experimental values, which is lower than the slope of Friedman’s 

isoconversional lines (Figs. S4 and S5), suggesting on the presence of the reaction with deaccelerating character 

(such as diffusion models, contracting geometry, the n-th order reaction models) [17]. The existence of clear, the 
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second peak at all heating rates at Friedman’s plots (Figs. S4 and S5), is an indication about the completion of 

thermo-oxidative degradation at profiled ultimate temperature. It was observed that distances between the constant 

conversion points are increasing with a heating rate (except, when moving from β = 20 K/min to β = 30 K/min), 

indicating the acceleration of the process. But, it was also observed, that there is a decreasing of this distance in 

the portion(s) of the process near and at, where the second peak is situated (Figs. S4 and S5), depending on heating 

rate applied (as deaccelerating character of the process). All this information can be useful during the selection of 

the best reaction models, in the case of a complex kinetic scheme of degradation process (related to model-based 

kinetic analysis). 

 

S.V. Kinetic analysis related to determination of the rate-controlling steps in the resin 
degradation process 

The behavior of reaction rates in complex degradation mechanism, which includes a mixture of various 

reaction steps, as consecutive and single-step reactions, largely determine the rate constants of individual steps. 

Therefore, their more detailed analysis can determine which step has a decisive role in the entire process (in terms 

of the formation of desired products), taking into account the influence of the heating rate. Of course, this is 

conditional for concentration variation of each reactant and product, considering the whole set of kinetic equations. 

Fig. S6 a) – d) shows the rate constants against temperature, for each elementary step in hx:, model (see the main 

text), including autocatalytic fractions for models based on catalysis, with k-values obtained for heating rates of β 

= 5 K/min (low) and β = 30 K/min (high). 

As can be seen from Fig. S6, for all reaction steps, the rate constant exhibits increasing trend with 

temperature, but k(T) dependency varies from the linear to exponential shape, depending on the reaction type and 

“frequency” magnitude. Also, it can be seen that k(T) plots differ in their slopes, which depend on the value of 

activation energies. Considering values of rate constants at different heating rates (5 K/min and 30 K/min), there 

are differences for certain reaction steps, which as the fact, emphasizes the influence of the heating rate (β). It is 

especially important whether they take place through the absorption or the release of heat. 

Fig. S7 a) and b) shows the mean values of rate constants regarding to each reaction step in hx:, model, 

at 5 K/min and 30 K/min, respectively. If we consider consecutive reactions steps 𝐴 ௞భ→  𝐵 ௞మ→  𝐶 at low β’s (5 

K/min) (Fig. S7 a)), k1 >> k2, so in this considered case, the following approximated equation holds, such as: c ≈ 

(1/ao
n-1)·exp(-k2·t)] (c is the concentration of the product, while ao represents the reactant initial concentration, and 

n is the reaction order). Therefore, the elementary step B → C (the second reaction) is the rate-controlling step, 

for the observed segment of degradation process. This step was described by kinetic model Cnm, which exhibits 

an autocatalytic nature. Thus, the actual step proceeds as global reaction step, which is, in turn, comprised of two 

parallel reactions, namely, the n-th order process, and an m-th order autocatalytic reaction. The first one represents 

the formation of benzaldehyde from benzyl alcohol moiety of Wang linker, while the second one represents an 

oxidation of benzaldehyde to benzoic acid (see the main text). The effective rate constant for this global reaction 

depends on the ratio of rate constants of these parallel reactions. This ratio was found to be keff = kn-th/kautocat. ~ 4.7 

× 1011. The latter suggests that benzaldehyde is strongly favoring in this rate-determining step, compared to 
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benzoic acid. Its contribution to the overall process is high and it was characterized by an exothermic effect (see 

discussion in the main text). It should be noted that similar situation holds for the high heating rate (Fig. S7 b)). 

But for the application to a large-scale in a chemical reactor, the use of lowest possible heating rates is strongly 

recommended, in order to better control the degradation process of the resin (see discussion in the main text). It 

should be noted that intermediate is not the part of the rate equation, so, the above case, corresponds to the situation 

that we have one uni-molecular reaction and one bi-molecular reaction.  

As for the second sequential mechanism within hx:, model, i.e., considering consecutive reactions steps 𝐷 ௞భ∗→  𝐸 ௞మ∗→  𝐹, at low β’s (5 K/min) (Fig. S7 a)), k2
* >> k1

*, so in this case, it can be approximated an following 

equation: f ≈ do·exp(-k1
*·t) (f is the concentration of the product, and do is the reactant initial concentration). So, 

in the observed reaction process segment, the rate-determining step represents transports of reactants to where 

they can interact and form the product, and therefore, at the low heating rate, above sequence can be approximated 

as D → F representing an apparent step, where the cage radicals (see the main text) directly generate gaseous 

products, without de-propagation reaction (intermediate step) (refer back to the discussion in the main text). So, 

at low heating rates, this goes like the single-step reaction. 

However, at high heating rate values (Fig. S7 b)), we have a different situation. Here, it is that k2
* > k1

*. 

In the considered case, de-propagation reaction cannot be ignored, and the actual process stage performs as two-

step consecutive reaction stage D → E → F. Accordingly, the high heating rates lead to the “complication” of this 

part of resin degradation process (here, specie(s) E are not so desired products). Thus, from the point of view of 

chemical engineering, the use of low heating rates is recommended, for easier extraction of gaseous products. 

Among independent single-step reactions (steps I → J and G → H), it is an obvious that the reaction G 

→ H controls accumulated fuels consumption, where the large amount of heat is released, but it is very sensitive 

to a changes in the heating rate (Fig. S7). Considering results present in Fig. S7 a) and b), it is evident that higher 

heating rates (~ 30 K/min) significantly accelerate the reaction G → H. For this case, as an important point seems 

the determination a critical rate of the temperature rise, within autocatalytic oxidation reaction. These are issues 

about authors discuss in the sub-section 3.3.2.6. (within the main text), and which were present in a mechanistic 

decryption of the process by using the model-free methods. Namely, these conditions correspond to those for 

experiments in Accelerating Rate Calorimeter (ARC). Therefore, this analysis can serve researchers for a positive 

way of thinking, regarding investigation of oxidative reactions for this type of resin. 

 

S.VI. Safety analysis ‒ characterization of runaway reactions and use of kinetic data in 
adiabatic simulations (Adiabatic 24 prediction) 

The precise prediction of reaction progresses in adiabatic conditions is necessary for the safety analysis 

of many technological processes [18-23]. Calculations of an adiabatic temperature-time curve for the reaction 

progress can also be used to determine the decrease of thermal stability of materials during storage, at temperatures 

near the threshold temperature for triggering the reaction. Due to insufficient thermal convection and limited 

thermal conductivity, a progressive temperature increase in the sample can easily take place, resulting in hazard 

situation. Because degradation reactions usually have a multi-step nature, the accurate determination of the kinetic 
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characteristics strongly influences the ability to correctly describe the progress of process. The use of simplified 

kinetic models for the assessment of runaway reactions can, on one hand, lead to economic drawbacks, since they 

result in exaggerated safety margins. On the other hand, it can cause the dangerous situations, when the heat 

accumulation is underestimated. For adiabatic self-heating reactions, incorrect kinetic description of the process 

is usually the main source of prediction errors. The kinetics based approach for determination of the time to 

maximum rate under adiabatic conditions can be seen elsewhere [24]. 

An important problem with adiabatic data is the uncertainty of the reactant state at the onset temperature 

of the adiabatic mode. The problem originates from the simple facts that it is just impossible to maintain adiabatic 

conditions from the beginning of an experiment and the sensitivity of an adiabatic calorimeter is limited. It is 

common practice to apply one or another type of thermal initiation. The adiabatic mode is established when a 

calorimeter first detects heat generation by the reaction. Usually, it is assumed that due to high sensitivity of the 

calorimeter, the conversion at the detected onset temperature is negligible (apropos “zero” assumption), although, 

it is evident that reaction started before the onset and conversion is non-zero, but there is no way to determine it 

directly. Nevertheless, it turns out that even very small but non-zero conversion strongly affects the reaction course 

and kinetics evaluated under “zero” assumption, may be unsafe or even wrong. Consequently, this description is 

strongly grounded on the fact that the established complex kinetic mechanism (determined by the model-based 

approach) contains reactions described by n-th order reaction and autocatalytic reaction. Formulation of adiabatic 

problem in the actual simulation that operates through the Kinetic Neo software prediction tool was based on the 

concept presented by Kossoy et al. [25]. In this work, DSC measurements or other calorimetry testing procedures 
were not directly implemented, but a given software is capable of simulating the process in the described reaction 

(adiabatic) conditions, based on the reported kinetic results using both, model-free and model-based methods, 

respectively. So in that sense, an experimental data cannot be directly used to calculate the time for the reaction 

and the adiabatic temperature rise. The experimental data must be corrected for the effect of the vessel’s heat 

capacity using the phi factor (ϕ). There are several methods of correcting for the phi available in the literature. 

The most straightforward is to correct the measured adiabatic temperature rise by the following: (∆𝑇௔ௗ)௔௖௧௨௔௟(௥௘௔௟) =  𝜙(∆𝑇௔ௗ)௠௘௔௦௨௥௘ௗ,                                                    (S15) 

and the time for the reaction by 𝑡௔௖௧௨௔௟(௥௘௔௟) =  ௧೘೐ೌೞೠೝ೐೏థ .                                                                 (S16) 

Alternative methods of correcting for phi factor given in the literature are the method by Fisher presented in the 

DIERS project manual [26] and that by Huff [27]. All these methods can be compared with an ideal case. The 

ideal case was generated from thermo-analytical data by the kinetics results, such that, when the simulation model 

was run with relevant phi factor, the simulation model reproduced exactly the experimental curve. Having exactly 

matched the experimental data with the simulation curve, the simulation model was then run with ϕ = 1 (the lower 

is the influence of the container, and the more representative the result is of the sample itself). Sensitivity analysis 

related to time to runaway includes important physical data, such as pre-exponential factor, activation energy, 

heat capacity and start (initial) temperature for the reaction, and they can be accurately determined based on the 
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obtained models, used in the simulation program. So that, for the achievement of the adiabatic conditions leads to 

the following equation: 

ௗ்ௗ௧ =  ଵథ · ∆𝑇௔ௗ,௥௘௔௟ · ቀௗఈௗ௧ ቁ,                                                              (S17) 

where dT/dt is the self-heat rate corresponding to T, ΔTad,real is the adiabatic temperature rise expressed as ΔTad,real 

= ΔH/cp (where ΔH is the enthalpy (J·g-1) and cp is the heat capacity of the material (J·g-1·K-1)), while (dα/dt) 

represents kinetic expression described by the Eq. (S12) in the case of isoconversional analysis, i.e., described by 

Eq. (S13), in the case of model-based analysis. One can now use the kinetic based approach for prediction of the 

reaction progress α(t) and the rate dα/dt as well as the development of the temperatures T(t) and dT/dt and adiabatic 

induction times, at any selected starting temperatures. It should be noted that the ϕ factor influences the simulation 

of the process in Accelerating Rate Calorimeter (ARC) experiment, so, the ϕ factor influences on the following: 

a) ΔTad,measured, because it comes from above description that ΔTad,measured = (1/ϕ)·ΔTad,real, and 

b) Time to maximum rate (TMR) (the time from the beginning of an adiabatic process to the maximum 

reaction rate), in a different level depending on the type of decomposition kinetics. TMR as an important 

index for chemical process safety, can be approximately calculated from the expression: TMR ≈ 

R·T2/E·(dT/dt), where R is the universal gas constant, T is the temperature denoted at exothermic peak 

area, E is the activation energy value, determined for the reaction step where exothermic event occurs, 

while (dT/dt) is given by the Eq. (S17).  

The ϕ factor (thermal inertia factor) represents the ratio of the heat capacity of the material and the vessel to the 

heat capacity of the material cp. For the absence of the container, ϕ = 1. So, the thermal Inertia (ϕ factor) can be 

presented by the following expression: 

𝜙 = 1 + (ெ௔௦௦ ×ௌ௣௘௖௜௙௜௖ ௛௘௔௧ ௖௔௣௔௖௜௧௬)಴೚೙೟ೌ೔೙೐ೝ(ெ௔௦௦ ×ௌ௣௘௖௜௙௜௖ ௛௘௔௧ ௖௔௣௔௖௜௧௬)ೄೌ೘೛೗೐ .                                                (S18) 

Therefore, when the ϕ factor is close or equal to the unity, this represents a strict adiabatic conditions.  

For the complex reactions, the complete kinetic model comprising heat balance equation and energy 

source equation, which are integrated numerically within the Kinetics Neo software prediction tool, resulting in 

the T(t) response or in the α(t) response. Likewise, the software enables direct estimation of TMR (under adiabatic 

condition) and TD24 quantity, where the latter represents the temperature at which the time to maximum rate of the 

runaway reaction is 24 hours (in other words, TD24 means that an intervention is possible within 24 hours).  

Considering industrial scale-up process, the knowledge of the enthalpy value alone is not always enough 

for a safe chemical process. If cooling fails [28], the continuing reaction will increase the temperature in the 

reactor until the reactants are consumed. Then, the reaction and corresponding self-heating will have finished and 

the final theoretical temperatures will be achieved. This temperature is called maximum temperature of synthesis 

reaction (MTSR). Safety of industrial processes depends on how high the MTSR is. If it is too high, it can initialize 

a secondary process with further self-heating. This secondary reaction is usually some degradation reaction, which 

is exothermal in its nature, and may leads to a further temperature increase. In fact, if the rapid secondary reaction 

is initialized, the risk of runaway and thermal hazard is very high. If the value of MTSR is lower than TD24, this 

means that after finishing the primary reaction, the rapid secondary reaction is not initialized, and the risk of 
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runaway reaction is a very low. If the MTSR is higher than TD24, the secondary reaction starts already during the 

primary reaction, and it is impossible to avoid the runaway, with the dangerous consequences. So, knowing TD24, 

the maximum allowable temperature for the process of the interest can be derived. Based on the value of reaction 

enthalpy, it is possible to evaluate the type of reactor that would be constructed, bearing in mind that Eq. (S17) is 

completely valid for large-scale experiments, where tons-scale of starting material (resin) is applied. 
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Results: 

 

 

Figure S1. Thermal stability results related to [4-(hydroxymethyl)phenoxymethyl] polystyrene resin thermo-oxidative 

degradation process: a) Fitting applied to evolution of Ti values with β’s, b) Fitting applied to evolution of Tp values with β’s, 

and c) Fittings applied to possible evaluations of Tb values with β’s. For each observed case, appropriate rational power 

relationship (a) and b)) and exponential relationship, with additional linear relationship (c)), were shown on the same graph 

(the corresponding values of parameters of the fitting are also indicated) [the dashed line under the case c) shows ‘irregular’ 

trend of experimental points]. 
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Figure S2. Multiconversional dependent logarithm of pre-exponential factors (logA(α)) obtained by Friedman (FR), 

Vyazovkin (VY) and Numerical (NM) methods, for thermo-oxidative degradation process of [4-

(hydroxymethyl)phenoxymethyl] polystyrene resin (Scheme S1). 
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Figure S3. The deviation (εm) in the percentages of Ea values of FR, VY and NM methods to their mean Ea values (FR: Ea(mean) 

= 142.498 kJ·mol-1; VY: Ea(mean) = 140.682 kJ·mol-1; NM: Ea(mean) = 143.023 kJ·mol-1), for thermo-oxidative degradation 

process of [4-(hydroxymethyl)phenoxymethyl] polystyrene resin. 
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Figure S4. Friedman’s (FR) isoconversional plots at every considered conversion value (with a step of Δα = 0.01; an increase 

in the conversion (conversion is designated with “x” according to Kinetics Neo operational tool sheets, where x ≡ α) goes from 

right to left), constructed for thermo-oxidative degradation process of [4-(hydroxymethyl)phenoxymethyl] polystyrene resin, 

at four different heating rates, β = 5, 10, 20 and 30 K/min (orange ◊: 5 K/min, dark green ◊: 10 K/min, crimson red ◊: 20 

K/min, and light blue ◊: 30 K/min). 
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Figure S5. Friedman’s (FR) isoconversional plots at the selected conversion values (x ≡ α = 0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, 0.7, 0.8, 0.9, 0.95, and 0.98) (conversion is designated with “x” according to Kinetics Neo operational tool sheets, where 

x ≡ α), for thermo-oxidative degradation process of [4-(hydroxymethyl)phenoxymethyl] polystyrene resin, at four different 

heating rates. 
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a)  c)  

b)  d)  
 

Figure S6. Rate constants behavior with the temperature, according to kstep(T) = Astep·exp(-Estep/RT(range)): a) for I-J, D-E, E-
F, and A-B steps (5 K/min), b) for B-C step (n-th order and m-autocatalytic shares) and G-H step (for the first-order with 

autocatalysis share) (5 K/min), c) for I-J, D-E, E-F, and A-B steps (30 K/min), and d) for B-C step (n-th order and m-

autocatalytic shares) and G-H step (for the first-order with autocatalysis share) (30 K/min). 
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a)  

b)  
 

Figure S7. Mean rate constants for each individual reaction step in hx:, model, for: a) β = 5 K/min, and b) β = 30 K/min. 
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Table S3 Statistical analysis results (a statistical fit quality) for proposed hx:, model (obtained from model-based method) in 

the case of [4-(hydroxymethyl)phenoxymethyl] polystyrene resin degradation. 

Method/Model Fit to R2 Sum of dev. squares Mean residual Students coef. 95 % F-test 

hx:, model TGA signal 0.99955 780.570 0.986 1.965 1.000 
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Table S4 Conditions for adiabatic 24 (h) predictions using Friedman (FR) (model-free) and hx:, (model-based) models, in 

terms of thermal safety of [4-(hydroxymethyl)phenoxymethyl] polystyrene resin. 

Method/Model FR/hx:, Case 1 FR/hx:, Case 2 

Enthalpy (ΔH) (J·g-1) 120 120 

Specific heat (J·g-1·K-1) 5 5 

Phi (ϕ) (dimensionless) 1 1 

TMR adiabatic (h) 24 24 

Temp. initial (oC) 30.97 91 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


