A systematic theoretical study on the stability of a series of dialkyl peroxides to light and heat
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[bookmark: OLE_LINK12]Abstract: Dialkyl peroxides may decompose under heating and illumination conditions, and consequently cause an explosion or fire possibility. However, they can promote diesel-degraded branching reaction, enhance diesel spontaneous combustion ability, and accelerate the chain reaction of fuel combustion. In this study, one series of dialkyl peroxides, i.e. methyl, ethyl, isopropyl, and di-t-butyl peroxide, which have different numbers of terminal methyl groups, have been modeled. We have systematically explored their stabilities under heating and illumination conditions by using CCSD(T), DFT/TDDFT, and variational transition state theory. We focus on the rate constants of thermal dissociation of peroxide bonds and absorption spectra because previous experimental and calculated thermal kinetic parameters are not consistent and the absorption spectra of these compounds are few. Based on the calculated data including rate constants and simulated absorption spectra, we find out that di-t-butyl peroxide is the best candidate among four compounds considering the stability under both heat and light. The most striking finding is that the previous assumption that the activation energy of O-O decomposition equals O-O bond energy may be wrong.
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1. Introduction
[bookmark: OLE_LINK44][bookmark: OLE_LINK45][bookmark: OLE_LINK49][bookmark: OLE_LINK59]Dialkyl peroxides are hazardous and potentially cause explosion because they can decompose under heating and illumination conditions.1 Previous researches have shown that the initial dominant decomposition step of dialkyl peroxides is ROOR2RO•.1-3 Among the family of dialkyl peroxides, four specific dialkyl peroxides named methyl peroxide (DMP), ethyl peroxide (DEP), isopropyl peroxide (DIPP), and di-tertiary-butyl peroxide(DTBP), as shown in Figure 1, have attracted much attention because of their potential application as fuel additives.4,5 For example, DTBP can decompose at temperature 393 K to produce RO• free radicals with strong reactivity.2,6,7 The addition of DTBP to diesel can promote diesel-degraded branching reaction, shorten chemical ignition delay, enhance diesel spontaneous combustion ability, and accelerate the chain reaction of fuel combustion.4,5,8-18 In addition, carbon monoxide (CO) and hydrogen carbon (HC) emissions can be decreased significantly with the addition of DTBP in diesel.19 
[image: D:\OneDrive - email.swu.edu.cn\cwl\combution\图片\ALL1.jpg]
Figure 1. The chemical structures of four dialkyl peroxides. The color of code: red-oxygen, white-hydrogen, grey-carbon.

[bookmark: OLE_LINK47][bookmark: OLE_LINK48]For these four dialkyl peroxides, researchers have performed many experiments and theoretical studies.2,6,7,10,12,17,20-23 However, there are still many open questions. One of them is about the dominant peroxide bond decomposition step under heating conditions. The peroxide bond plays a key role, and is critical for RO• radical generation, oxidative degeneration, and combustion process. However, on one hand, as shown in Table 1, one can see that available thermal kinetic experimental data of initial O-O bond fission of four peroxides are contradictory. For DEP, DMP, and DTBP, the pre-exponential factor (A) for the same molecule is quite different. In particular, for DTBP, the A factor even spans by four orders of magnitude. In addition, the experimental activation energy is not consistent too. Moreover, the experimental and theoretical study of thermal decomposition of DIPP is few since it was synthesized by Mcmillan.21 Molyneux has investigated the Arrhenius parameters of the thermal decomposition of these four organic peroxides from eight aspects such as experimental conditions, misfitting in the Arrhenius plots, the dominant reaction type and so on, and he found out that ‘It is difficult to see any way in which the phenomena outlined here can be explained, since the approaches discussed seem to exhaust all the plausible explanations.’24 Richardson and O'Neal have provided the recommended values (3.16╳1015-3.16╳1016) of pre-exponential factors of four dialkyl peroxides.25 Indeed, in Table 1, the listed pre-exponential factors from previous researches are almost in this range, except for DIPP. On the other hand, the studies about the absorption spectra of these dialkyl peroxides are very few,21,26,27 though researches reported that the photodissociation of O-O bond of dialkyl peroxide occurs around 250 nm.21,26 The wavelength and strength of absorption peaks are directly related to the photodissociation of O-O bond.28 
As mentioned above, so far, we can find that there is no systematic study for the thermal kinetics of O-O bond decomposition and absorption spectra of different dialkyl peroxides.3,22,29 Considering the importance of these peroxides, it is necessary and useful to systematically explore how the different numbers of terminal methyl groups influence their stability under heating and illumination conditions.
[bookmark: OLE_LINK30][bookmark: OLE_LINK11]Table 1. Summary of available experimental results on initial O-O bond decomposition of dialkyl peroxides. A: the pre-exponential factor; : the activation energy of the reaction. ‘Suggested values’ means that these values may be more reliable and were suggested in these references.  
	[bookmark: OLE_LINK22][bookmark: OLE_LINK23]
	A
	
[bookmark: OLE_LINK13][bookmark: OLE_LINK14](kJ∙mol-1)
	Condition
	Suggested values
	Reference

	
	
	
	Temperature
(K)
	Pressure 
(bar)
	Environment
	A
	(kJ∙mol-1)
	

	DMP
	2.40╳1015
	151.11
	386-416
	N/A
	Gas
	
	
	22

	
	4.10╳1015
	155.00
	428-454
	1.47╳10-2-6.80╳10-2
	Gas
	1.00╳1016
	158.22
	30

	DEP
	1.45╳1015
	131.85
	403.15-403.15
	N/A
	Gas
	1.26╳1016
	156.13
	31

	
	2.10╳1013
	133.00
	473-518
	1.33╳10-2-1.73╳10-2
	Gas
	
	
	18

	
	1.00╳1014
	147.34
	333.15-353.15
	N/A
	Liquid
	
	
	32

	
	1.26╳1016
	156.13
	407-441
	2.67╳10-2-5.33╳10-2
	Gas
	
	
	33

	DIPP
	2.51╳1015
	155.30
	407-441
	2.67╳10-2-5.33╳10-2
	Gas
	2.51╳1015
	155.30
	33

	
	N/A
	146.50
	N/A
	N/A
	N/A
	
	
	18

	DTBP
	7.94╳1014
	149.00
	373-423
	3.12╳10-2-0.46
	Gas
	
	
	34

	
	3.20╳1016
	163.67
	398.15-418.15
	N/A
	Liquid
	3.98╳1015
	156.55
	35

	
	1.61╳1012
	130.54
	403-423
	0.10-0.15
	Gas
	
	
	17

	
	3.24╳1015
	154.65
	402-443
	4.00╳10-2-1.33
	Gas
	
	
	7

	
	5.50╳1014
	150.49
	393-553
	0.13-0.40
	Gas
	
	
	36

	
	2.14╳1015
	152.00
	528-677
	1.01
	Gas
	
	
	37



Theoretical and computational tools are effective to investigate and understand the thermal and photolyzed kinetics of combustion reacting systems38,39 because in reality, combustion is a complicated redox process, and the reaction rate is extremely fast, and the experimental conditions are very unfriendly for real-time measurements. In this work, we apply CCSD(T), density functional theory, and time-dependent density functional theory to systematically explore the stability of four dialkyl peroxides under heating and illumination conditions because it has been proved that they can reproduce experimental results quite accurately and with low computational cost.40
[bookmark: OLE_LINK25][bookmark: OLE_LINK26][bookmark: OLE_LINK27]The aim of this work is threefold：
1. To study the thermal stability of four kinds of dialkyl peroxides systematically.
[bookmark: OLE_LINK40][bookmark: OLE_LINK41]2. To investigate the absorption spectra of four peroxides systematically by calculating excited states.
[bookmark: OLE_LINK62]3. To find the relationship between the numbers of terminal methyl groups and stability under heating and illumination conditions.
2. Computational details
All calculations were performed with the Gaussian 09 Rev E.01 program package.41 All of the ground state geometry of dialkyl peroxides was optimized with the three parameter hybrid density functional B3LYP42,43 and Dunning basis sets cc-PVTZ44,45 because this combination has been proven to be very accurate for optimizing molecular structures for combustion dynamics.46,47
[bookmark: OLE_LINK46][bookmark: OLE_LINK50][bookmark: OLE_LINK29][bookmark: OLE_LINK1]For the potential energy surface of thermal O-O bond fission, the relaxed scanning of four dialkyl peroxides was carried out after geometric optimization. The relaxed scanning means that when extending O-O bond length from the equilibrium with the key word opt=modredundant, it is not only doing a single point calculation but also a restrictive optimization. The latter is that the coordination variables which are not scanned will be optimized to make the system energy as low as possible. It is equivalent to allowing these variables to spontaneously relax. The relaxed scanning of DMP, DEP, and DIPP was of no problem. However, the O-O bond fission of DTBP was not observed: one hydrogen atom was attached to oxygen atom and one carbon atom rearranged in the relaxed scanning (see SI Figure S1). In addition, it is worth pointing out that for DTBP, there were two imaginary frequencies appeared at the eighteenth and nineteenth points in the relaxed scanning (see SI Figures S2-S3). Thus, we carried out the geometric optimization with fixed O-O bond based on the geometries of the two points, and the optimized geometries with one imaginary frequency were obtained. To confirm the reliability of the manually fixed O-O bond scanning, we also manually scanned the O-O distances of H2O2 and four dialkyl peroxides, as shown in SI Figures S4-S5. One can find that the differences between both methods are very small, which confirms that the way to treat DTBP at points 18 and 19 method is reasonable. In addition, the difference of DTBP from other three dialkyl peroxides suggests that two reaction pathways (DTBP=2(CH3)3C-O• or CH3CH2COCH3+CH3COH(CH3)2) are all possible (see SI Figures S1 and S3). For consistency and comparison, in the rest of this work, only O-O fission of DTBP was considered.
In order to achieve reliable relative energies of stationary points along the potential energy surface (PES), we obtained zero-point energy correction of each frame with B3LYP/cc-pVTZ, and the single-point energy was computed with spin-unrestricted CCSD(T)/cc-PVTZ theory level,48 which has been proved accurate and appropriate for these systems.40 The O-O bond disassociation energy was calculated with the following equation:
E(O-O)=2E(OR•)-E(ROOR)                          (1)
[bookmark: OLE_LINK35][bookmark: OLE_LINK36][bookmark: OLE_LINK18][bookmark: OLE_LINK19]After the calculation mentioned above, the O-O bond dissociation energies, corrected energy barriers, and the potential energy surface of each dialkyl peroxides were obtained. All energy barriers of O-O dissociation were confirmed by the number of imaginary frequencies (only one). The thermal disassociation reaction rate constants in the range of 300-500K at one atmospheric pressure were calculated with Kinetic and Statistical Thermodynamical Package (KiSThelP).49,50 KiSThelP can read the electronic structure data directly from our calculated output file, and a lot of statistical and thermodynamic properties of a molecule obtained from electronic structure data are delivered at the default temperature (298 K) and pressure (1 bar). Moreover, the temperature and pressure values can be interactively changed. The hindered rotor treatment has been offered in KisThelp when investigating the gas-phase molecular thermodynamic properties. The variational transition state theory with Wigner tunnelling correction (VTST/W) approach was applied because both one-dimensional (1D) tunnelling effects (Wigner and Eckart) and variational effects have been incorporated. The VTST, in KiSThelP, are available as canonical variational transition state theory (CVT) which involves a generalized transition (GT) state rate constant :
                            (2)
where s is the distance along the minimum energy reaction path (MEP) in isoinertial coordinates,  is the reaction path degeneracy, in this work, the, is the difference in zero-point excluded potential energy between the transition state and the reactant, the and are the total partition functions of the transition state and the reactant(s) with the translational partition functions expressed in per unit volume. In CVT, the rate constant  is obtained by minimizing  with respect to s along the reaction path:
                            (3)
Moreover, 1D quantum mechanical effects on reaction coordinate motion are incorporated by a multiplicative transmission coefficient, i.e.
 ()                             (4)
[bookmark: OLE_LINK52][bookmark: OLE_LINK53][bookmark: OLE_LINK54]Both original two-parameter (Equation 5) and modified three-parameter Arrhenius (Equation 6) equations were fitted through KiSThelP.
                                 (5)
                                (6)
[bookmark: OLE_LINK58][bookmark: OLE_LINK60][bookmark: OLE_LINK10]where k is the rate constant; T is the absolute temperature (in Kelvin);  is the pre-exponential factor; B is a temperature-independent constant;  and  are different constants for a chemical reaction,  is the activation energy of the reaction (in the same units as RT), R is the universal gas constant, n is temperature dependence of the pre-exponential factor, and the resonance frequency correction factor in this work is 0.98.51,52
[bookmark: OLE_LINK42][bookmark: OLE_LINK43]The excited states of four dialkyl peroxides were calculated. The vertical excitation energy and the oscillator strength were calculated with TDDFT by using B3LYP/cc-PVTZ theory level. We draw the absorption spectra of dialkyl peroxides with Multiwfn software package.53
3. Results and discussion
3.1. Benchmark calculations. 
In this part, we choose H2O2 to run benchmark calculations to investigate the feasibility of selected basis set and functionals of this work because H2O2 is the simplest peroxide and has been thoroughly studied.44 
3.1.1. Ground-state properties of H2O2. 
In Table 2, the optimized ground-state geometry parameters and calculated peroxide bond energy of H2O2 are listed and compared to previous studies.44-48 The calculated results in this study are reasonable comparing to previous experimental and computational results, indicating that the theory level used in this work is rational.
Table 2. Comparison of optimized H2O2 geometry parameters and the O-O bond dissociation energies between this work (obtained with CCSD(T)/cc-PVTZ//B3LYP/cc-PVTZ theory level) and previous studies. Reference 54: CCSD(T)/cc-PVQZ/gas theory level; Reference 56: LC-BLYP/cc-PVDZ/PCM theory level. (Bond length is in Å; angle is in degrees).
	
	Ro-o/Å
	∠R-O-O-R
	E(O-O)/kJ∙mol-1
	Reference

	H2O2
	1.452
	114.1
	193.0
	This work

	
	1.453
	112.5
	N/A
	54 (Theory)

	
	1.463
	120.2
	N/A
	55(Experiment)

	
	N/A
	N/A
	229.4
	56 (Theory)

	
	N/A
	N/A
	200.1
	57(Experiment)


[bookmark: OLE_LINK51]
3.1.2. Thermal decomposition of H2O2. 
Here, the computed thermal kinetic parameters of H2O2 were compared to previousexperimental and calculated results too, as shown in Table 3. The potential energy surface of H2O2 of the two methods (manually and relaxed scanning) were shown in SI Figure S5. The activation energy in this work is around 24 kJ∙mol-1  lower than the experimental and the computed value by Brouwer et.al (see Table 3).58 However, the calculated results demonstrate that our rate constants in the temperature range between 1000 and 1200 K match well with the experiment, and are much closer than the computed ones by Brouwer et al. (see SI Table S1), indicating that the method adopted in this work is quite reasonable. In addition, we can find that the deviation of rate constants from Equation 5 is larger than that from Equation 6 since there is temperature dependence n of the pre-exponential factor in Equation 6 (see SI Table S2).
Table 3. Comparison of kinetic parameters of H2O2 thermal decomposition between this work (fitting by using KiSThelP) and previous studies.
	[bookmark: _Hlk29046747]Reaction
	A(B)
	n
	(kJ∙mol-1)
	Condition
	Reference
	Method

	H2O2→2HO•
	9.730╳1012
	0.66
	150.46
	300-3000K,1atm
CCSD(T)/cc-PVTZ //B3LYP/cc-pVTZ
	Equation 6 
	with relaxed scanning

	
	1.896╳1015
	
	155.28
	
	Equation 5
	

	
	8.851╳1012
	0.66
	148.93
	
	Equation 6 
	[bookmark: OLE_LINK33][bookmark: OLE_LINK34]with manually scanning 

	
	1.728╳1015
	
	153.75
	
	Equation 5
	

	
	1.000╳1015.97
	
	176.42
	1000-1200K,0.9-1.7atm, both argon and nitrogen carrier gases
	59 Exp
	N/A

	
	1.000╳1014.47
	
	179.90
	statistical adiabatic
channel model（SACM）
	58 Exp+
Simulation
	N/A



3.1.3. The excited states properties of H2O2.
In this part, we explore the excited states properties of H2O2. One can see SI Table S3 that the vertical excitation energies of singlet and triplet are compared to those obtained with EOM-CCSD//MP2 theoretical level by Indulkar et al. and with MS-CASPT2//CASPT2/gas by Liu et al., respectively.55,60 The results in this work are similar to the previous ones, and the differences could be attributed to the different theory levels. Therefore, we can conclude that the theory level of B3LYP/cc-PVTZ used in this work is rational.
3.2. Stability of DMP, DEP, DIPP, and DTBP.
After benchmark calculations, we shall focus on the relationship between stability and the numbers of terminal methyl groups under heating and illumination conditions.
3.2.1. The ground-state structure of dialkyl peroxide. 
The optimized geometry parameters of dialkyl peroxides in this work are similar to those in the previous studies.1,18,20,61 As shown in Table 4, the bond length of DMP is shorter by only 0.015 Å than experiment.61 Note, for DMP, Oberhammer et al. reported that there are two dihedral angles (∠C-O-O-C: 120°and 180°) co-existed. Therefore, we have calculated the energies of DMP with two dihedrals. The results demonstrate that the structure with the dihedral 180° has lower energy than that of 120°(see SI Table S4).12 Therefore in the rest of calculations, we select the optimized structure of DMP with the dihedral 179.13° (this work). 
[bookmark: OLE_LINK37]Table 4. The optimized geometry parameters and calculated O-O bond dissociation energies of dialkyl peroxides with CCSD(T)/cc-PVTZ//B3LYP/cc-PVTZ method. Reference 12: MP4/6-31G*//MP2/6-31G* (∠R-O-O-R =120), CISD/6-31G*MP2//HF (∠R-O-O-R=180). Reference 39: CBS-QB3//B3LYP/6-311+G**.Reference 18: the dissociation energy of O-O bond is assumed as the activation energy of the reaction. (Bond length is in Å; angle is in degrees).
	Molecule
	R(O-O)/Å
	∠R-O-O-R
	[bookmark: OLE_LINK2]E(O-O)/kJ∙mol-1
	Reference

	DMP(0 methyl)
	1.463
	179.13
	150.48
	This work

	
	N/A
	N/A
	168.27
	39Calculation

	
	N/A
	N/A
	158.23
	62Experiment

	
	1.478
	164.0(4)
	N/A
	61Experiment

	
	N/A
	120/180
	N/A
	12Calculation

	DEP (1 methyl)
	1.462
	178.0
	148.18
	This work

	
	N/A
	N/A
	170.78
	39Calculation

	
	N/A
	N/A
	150.6/163.594
	18Experiment

	DIPP (2 methyl)
	1.457
	125.25
	166.55
	This work

	
	N/A
	N/A
	179.57
	39Calculation

	
	N/A
	N/A
	146.5
	18Experiment

	DTBP (3 methyl)
	1.467
	168.50
	166.08
	This work

	
	N/A
	N/A
	180.83
	39Calculation

	
	N/A
	N/A
	167.36
	1Experiment



Next, the bond lengths, the dihedral angles, and O-O bond energies of DMP, DEP, DIPP, and DTBP are presented in Table 4. Interestingly, there is no obvious correlation between the number of terminal methyl group and geometry parameters. The most striking finding is that DIPP has the smallest peroxide bond length (1.457 Å) and dihedral angle (125.25°) among four compounds. We have manually changed the dihedral angle of DIPP, re-optimized it, and confirmed that the final structure is the same. In addition, for peroxide bond energy, CCSD(T)/cc-PVTZ theory level with zero point correction (B3LYP/cc-PVTZ) is used here. As we can see, the trend of the calculated O-O bond energy of DEP and DTBP is the same as the experiments (<1 kJ∙mol-1 for DTBP),1,23 evidencing that our method is quite reliable. As for DIPP, the activation energy (146.5 kJ∙mol-1) is assumed to equal the dissociation energy of the O-O bond in Reference 18, and in Reference 18 how the activation energy is obtained is not given. Furthermore, in Reference 33, the experimental activation energy of DIPP is 155.3 kJ∙mol-1 (see Table 1). This value is much larger. The difference between the two activation energy implies that the experimental peroxide bond energy of DIPP should be further confirmed.
The results indicate that there is no correlation between the number (n) of terminal methyl group and the peroxide bond energy (DIPP > DTPP > DMP > DEP). In addition, these values are close to the previous computational results, i.e. CBS-QB3 and M06-2X methods, but some calculated O-O bonding energy is still different from experiments.39 This may be attributed to experimental error and the limitation of theoretical calculations. More works on this deviation may be needed. When the number of terminal methyl group (n=0, 1) is small, the ∠R-O-O-R is close to 180 degree and O-O bond energy is smaller (<151 kJ∙mol-1). In contrast, when n= 2 and 3, the ∠R-O-O-R is smaller than 180 degree and the O-O bond energy is beyond 166 kJ∙mol-1.
3.2.2. Thermal decomposition of dialkyl peroxide. 
In this part, the thermal decompositions of dialkyl peroxides have been investigated and the calculated data sets are fitted in the range of 300-500K at one atmosphere with KiSThelP program package. Two- and three-parameter Arrhenius equations are presented in this work. The potential energy surface of four dialkyl peroxides with structure of relaxed scanning and manually scanning are listed in SI Figures S2 and S4. The energy barriers of O-O bond fission were determined with the potential energy surface, and the values were listed in SI Table S5. In particular, for DTBP, we manually scanned the points after the nineteenth point with a step size of 0.02 Å to confirm its trend. As shown in SI Figure S3, the energies of the three extended points slightly increased compared that of the nineteenth point, but are still much lower than the barrier. For the simplicity and clarity, only the data based on the relaxed scanning are given. (The data obtained with the relaxed and the manually scanning are also presented in SI Tables S6-8 for comparisons).
As shown in Tables 4 and 5, interestingly, one can see that the activation energy  (Equation 5) is not equal to O-O bond energy. Previously, many researchers have assumed that the activation energy can be equal to bond energy of O-O bond of dialkyl peroxides.18,24,63 For example, Denisov and Tumanouv have investigated the kinetics of homolytic decomposition of molecules and they have pointed that ‘The second method is based on the study of the kinetics of homolytic decomposition of molecules. Measuring the activation energy of these reactions makes it possible to estimate the dissociation energies of the weakest bonds, e.g., the O-O bonds in various peroxides.’63 Furthermore, with the increase of the number of terminal methyl group,  increases too. The order is DTBP > DIPP > DEP > DMP, which is different from O-O bond energy (DIPP > DTPP > DMP > DEP). We may conclude that the activation energy cannot be assumed as O-O bond energy.
[bookmark: OLE_LINK39]Next, the decomposition rate constants in the range of 300-500 K (often used temperature range) are presented and compared to the previous experiments.7,22 As we can see in Table 6 (the data of manually scanning structure with of the two-parameter Arrhenius equation, i.e. Equation 5, were listed in SI Table S7, and the data of relaxed and manually scanning structure of the three-parameter Arrhenius equation, i.e. Equation 6, were listed in Table S8), the calculated rate constants of DMP and DTBP match with experiments reasonably. The calculated values are generally larger, and the largest deviations from experiments are between one and three orders of magnitude, respectively. One may note that towards higher temperature, the difference between experiment and calculation become smaller. There are several explanations about the difference between experiment and computation. For example, the theory level of CCSD(T)/cc-PVTZ may not be enough, or the experimental measurements have error bars too. 
The computed rate constants are also pictured in Figure 2. Clearly, in the temperature range of 300-500 K, among four compounds, DMP has the fastest rate constants, and is the most unstable compound. The activation energy of thermal decomposition of DMP is also the smallest. As for the other three compounds, their rate constants of thermal O-O decomposing are almost identical. Among them, DTBP is the most stable one. At around room temperature (300 K), DIPP is slightly more stable than DEP. However, along with higher temperature, DEP has smaller rate constants of thermal decomposition than DIPP.
Table 5. Two- and three-parameter fitting of O-O bond decompositions of DMP, DEP, DIPP, and DTBP by using KiSThelP.
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]
	A(B)
	n
	[bookmark: OLE_LINK24][bookmark: OLE_LINK28] (kJ∙mol-1)
	Method

	DMP
	4.467╳1010
	1.29
	123.25
	Equation 6

	
	3.748╳1014
	
	127.38
	Equation 5

	DEP
	1.025╳1010
	1.32
	144.64
	Equation 6

	
	1.019╳1014
	
	148.87
	Equation 5

	DIPP
	1.079╳1011
	1.04
	146.62
	Equation 6

	
	1.471╳1014
	
	149.93
	Equation 5

	DTBP
	[bookmark: OLE_LINK31]1.437╳1017
	-0.98
	153.73
	Equation 6

	
	1.557╳1014
	
	150.59
	Equation 5


[bookmark: OLE_LINK16]
Table 6. The calculated rate constants of thermal decomposition of four dialkyl peroxides (two-parameter Arrhenius equation, i.e. Equation 5) in the range of 300 to 500 K. The experimental rate constants of DTBP and DMP are from Reference 7 and 22, respectively.
	[bookmark: OLE_LINK15]
	300
	350
	400
	450
	500

	DMP
	2.485╳10-8
	3.661╳10-5
	8.708╳10-3
	6.139╳10-1
	1.848╳101

	22Hanst (DMP)
	1.208╳10-11
	6.903╳10-8
	4.536╳10-5
	7.050╳10-3
	3.994╳10-1

	DEP
	1.225╳10-12
	6.178╳10-9
	3.698╳10-6
	5.346╳10-4
	2.858╳10-2

	DIPP
	1.156╳10-12
	6.196╳10-9
	3.882╳10-6
	5.813╳10-4
	3.197╳10-2

	DTBP
	9.389╳10-13
	5.227╳10-9
	3.369╳10-6
	5.158╳10-4
	2.887╳10-2

	7Batt(DTBP)
	3.587╳10-12
	2.543╳10-8
	1.965╳10-5
	3.460╳10-3
	2.170╳10-1



[image: ]
Figure 2. The logarithm of the calculated decomposition rate constants of DMP, DEP, DIPP, and DTBP in the temperature range of 300-500 K.

3.2.3. [bookmark: OLE_LINK3][bookmark: OLE_LINK4]The absorption spectra of dialkyl peroxide. 
In this part, the excited states of four compounds have been obtained with B3LYP/cc-PVTZ theory level (see Figure 3 and Figure 4). 
For the absorption spectra of DMP, DEP, DIPP and DTBP, all of them can be excited at the wavelength around 250nm: DMP (246nm), DEP (245nm), DIPP (224nm), and DTBP (246nm), which is consistent with the previous results of the wavelength of the photodissociation of O-O bond of dialkyl peroxide (see Table S9 in SI).21,26 All the energies, wavelength, and oscillator strength of the excited states (singlets and triplets) of dialkyl peroxides were listed in SI (Tables S10-13). The excitation wavelength of DIPP is blue-shifted by around 20nm with respect to the other three dialkyl peroxides. Moreover, the oscillator strength of DIPP and DTBP is the weakest and second weakest among four compounds, respectively. This means that both absorb less photons, therefore the photolysis of both compounds should be much less.
In summary, in the ultraviolet region, DIPP and DTBP should be the most and the second most stable compounds because they have much smaller absorption strength. 
[image: ]
Figure 3. Simulated absorption spectra of DEP, DMP, DIPP, and DTBP by using B3LYP/cc-PVTZ TDDFT results.
[image: ]
Figure 4. The first wavelength and oscillator strength using B3LYP functional with cc-PVTZ basis set.
4. Conclusions
In the present work, the stabilities of DMP, DEP, DIPP, and DTBP have been studied systematically by using CCSD(T), DFT/TDDFT, and VTST. Based on the computed energy barriers and rate constants, we can conclude that DTBP/DMP is the most stable/unstable among four compounds in the temperature range of 300-500 K, respectively. In the ultraviolet region, DIPP and DTBP are the most and the second most stable among four compounds because their absorption strength is small. Considering the stability under heating and illumination conditions, DTBP is the best candidate among four compounds. Finally, this work shows that the energy barriers of thermal decomposition of four dialkyl peroxides generally increase with the number of terminal methyl group. And the hypothesis that the activation energy of O-O bond fission can be regarded as O-O bond energy may not be correct.
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