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1. Supplementary Discussions
Chemical Reaction Neural Network Modeling

The reaction equation of the FPUs/AINPs thermal decomposition is defined as
follows:

v, [FPUS/AINPs |+ V.S, +---+ .S, — v/[FPUS/AINPs |+1}S, +---+ VS, \*

MERGEFORMAT (1)

where v;” and v;” correspond to the stoichiometric coefficients of reactants and

products, respectively; S, refers to the intermediates and products, where S, might

represent multiple substances. According to the mass action law and Arrhenius law, the

above reaction rate can be written as:

r=[FPUS/AINPs]' [S,]°L [S,]" x AT" exp(~E, /RT)

\*
MERGEFORMAT (2)
v, In[FPUs/AINPs]+v; In[S, ]+L +v, In[S, ] *
r=ex :
+InA+nInT—-E,/RT
MERGEFORMAT (3)

where the parameters A, n and FE, represent the pre-exponential factor, the
nonexponential temperature-dependent factor, and the activation energy, respectively.

The formation rate of each intermediate and product can be further expressed as:

d[FPUs/AINPs] . .,
= [FPUs/AINPs] =-v;r + vyr
dt
d[S,] , "
T [S,] =—v,r + v,r
d[S,] , "
T [$3] =—vgr + vgr (4)



d[S,,]
dt

=[5, ]=-v,r+v,r

The single-step reaction and the multistep reaction CRNN network are illustrated in
Fig. S1. The reaction in Eq. (1) is expressed as a neuron, as shown in Fig. S1(a), and
the formula is expressed asy=o(wx+5b), where x is the input of the neuron,
representing the mass concentration and temperature of each component in the system;
v is the output, representing the reaction rate of each component in the system; w is the
weight, which refers to the activation energy in the Arrhenius equation and the
stoichiometric coefficient in the reaction equation; b is the deviation, corresponding to
the pre-exponential factor 4 in the Arrhenius formula; and ¢ is the nonlinear activation
function, which can avoid overfitting. Overall, the thermal decomposition of
FPUs/AINPs involves multiple steps, and individual neurons can be stacked to form a
neural network with one hidden layer, as shown in Fig. S1(b). The number of nodes in
the hidden layer of the neural network equals the number of reactions in the CRNN

model.
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Fig. S1. Schematic illustrations of a CRNN network (a) for a single-step reaction, and (b) for
multistep reactions.

The loss function of the neural network is defined as the mean absolute error (MAE)
between the mass fraction of thermo gravimetric experiments (TG) and the mass
fraction predicted by the model:

Loss = MAE(m®® —m"™) \* MERGEFORMAT

4

where m_! and mr(;?NN are the mass fractions of the remaining substances in TG
experiments and the neural network model, respectively. The following constraints are
subsequently added to the CRNN model for FPUs/AINPs decomposition: (1)

FPUs/AINPs only exist in the reactants; (2) mass stoichiometry balancing; and (3) £,

and In4 are in the range of 0~300 kJ/mol and -20 to 50, respectively.

The kinetic model of FPU-98-40 was deduced using the CRNN model by assuming
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different model sizes. Three kinetic models of FPUs/AINPs are inferred as the “3-37,
“4-4” and “5-5” models. The model training was performed on three data sets (10, 20
and 40 K/min), and the data set of 30 K/min was used for validation to avoid overfitting.
Fig. S6 shows the computational losses of the 5-5 model with five reactions (number
of reactions, nr) and five species (number of species, ns) during the interactions of
CRNN training and validation. In Fig. S2, the loss in the training set drops rapidly in
the first ~500 iterations reaching an error of less than 0.1. To ensure training accuracy,
the model was trained for 5000 iterations. After 5000 iterations, the prediction error of

the model for TG experiments fluctuated at ~0.05.

10
1
2 -1 1 . .
Elo ] \ T:raln Validation
102 5

0 1000 2000 3000 4000 5000
Iteration

Fig. S2. The errors of the CRNN model in the training set and validation set (ns=5, nr=5).

Table S1. Reaction mechanisms in the 3-3 and 4-4 models.
E,

Model Index Reaction n In4
(kJ/mol)
13 R, 1FPUS/AINPs — 1 S, 153.89 0 481
R, 1FPUS/AINPs — 1 S, 101.42 0.11 8.32
10FPUs/AINPs — 6 S, + 3 S5
R, 24.68 0.02 8.88
+18,

4-4 R, 1S5—18, 50.76 0.84 5.11
R 55—6S; 40.91 0.13 6.06

Ry 285 +38—58, 30.76 0.13 6.64

4 The stochiometric coefficients in R; are all zero, and thus R; is neglected in the 3-3 model.

Table S1 shows the reaction mechanism of the 3-3 and 4-4 models. Fig. S3 includes
the predicted thermal decomposition of FPUs/AINPS at four different heating rates
using the 3-3 and 4-4 models. The predicted mass loss of the 3-3 model deviates

significantly from the experimental value, with an overall error of 0.21, indicating a



failure of training owing to the small model size. The predicted error of the 4-4 model
is 0.06, and the predicted value only deviates slightly from the experimental curve at a
heating rate of 30 K/min. Further increasing the model size, we find that the 5-5 model
could well reproduce the experimental TG curves with an overall error of 0.03.

Consequently, we only consider the 5-5 model in the discussion to reveal the reaction

mechanisms of FPUs/AINPS decomposition.
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Fig. S3. The TG curves predicted by the CRNN models (red line) and experimental results (black line).

Fig. S4 illustrates the rate of each reaction as a function of temperature in the 5-5

model, and the specific values are shown in Table S2. The reaction rates are very
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sensitive to temperature. Among all five reactions, R, has the highest rate constant; R,
is 1-2 orders of magnitude higher than that of R;. As R, and R; are competing reactions
for the decomposition of S,, R, prevails because of the higher rate constant. Similarly,

Rs controls the reaction between S, and S3, and R, can be neglected from the reaction

mechanism.
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Fig. S4. Comparison of rate constants in 5-5 model.
Table S2. Rate constants of all five reactions in 5-5 model?
Temperature (K) 300 400 500 600 700 800
R, 0.11 0.74 2.36 5.13 8.95 13.61
R, 0.34 2.86 10.50 25.27 47.72 77.39
R; 0.05 0.14 0.25 0.38 0.51 0.64
R, 0.00 0.00 0.00 0.00 0.01 0.01
Rs 0.00 0.03 0.12 0.28 0.51 0.80

2 The unit of rate constant in each reaction is reported as mass percentage per second (e.g. %/s).

2. Supplementary Figure
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Fig. S5 SEM images of AINPs.



Double roll calendering
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Fig. S6 The before and after photograph of FPUs/AINPs composites by double roll calendering
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Fig. S7 SEM images of the fractured surface for the ETPUEs/AINPs composites.
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Fig. S8 SEM-EDS analysis results of the fractured surface for the (a) BDO-98-30/AINPs, (b) FPU-
98-30/AINPs, (c) FPU-98-35/AINPs, (d) FPU-98-40/AINPs, (e) FPU-98-45/AINPs and (f) FPU-98-
50/AINPs composites.
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Fig. S9 The photograph of the dynamic pressure characteristics instrument.
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