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S1.  Experimental information 

S1.1. TROPOS experimental setup 

The experiments have been performed in a free-jet flow system at a pressure of 1 bar purified air, a temperature 

of 295 ± 2 K and a relative humidity of < 0.1 %. (9, 27) The relative humidity was increased up to 21 % in one 

example in order to examine the effect of water vapor on the product formation. This setup allows the 

investigation of oxidation reactions for atmospheric conditions in absence of wall effects.  

The free-jet flow system consists of an outer tube (length: 200 cm, inner diameter: 15 cm) and a moveable 

inner tube (outer diameter: 9.5 mm) equipped with a nozzle. The OH radical precursor isopropyl nitrite (IPN) 

premixed with the carrier gas (5 L min-1 STP) is injected through the inner tube into the main gas stream (95 L 

min-1 STP), which contains the organic reactant (trimethylamine, isoprene, DMS, a-pinene, toluene or 1-butene). 

Large differences of the gas velocities at the nozzle outflow (nozzle: 15.9 m s-1; main flow: 0.13 m s-1) and the 

nozzle geometry ensure rapid reactant mixing downstream of the nozzle. Diffusion processes at 1 bar air are too 

slow to transport a significant fraction of the reaction products out of the center flow toward the walls within the 

time range of this experiment of 7.5 s. 

IPN photolysis (28) for continuous OH radical production in the flow system was carried out downstream 

the mixing point of the reactant streams by means of 8 NARVA 36W Blacklight Blue lamps emitting in the 

range from 350 – 400 nm. The photolysis of IPN produces NO and i-C3H7O radicals, which rapidly form acetone 

and HO2 radicals in the reaction with O2. OH radical generation in the flow system eventually proceeds via 

HO2 + NO ® OH + NO2. NO addition of (5.0 - 50) ´ 109 molecules cm-3 enhanced the OH radical production. 

The residence time in the irradiated reaction zone was experimentally determined using a “chemical clock”. (27)  

The concentrations of the organic reactants were followed by means of a proton transfer reaction mass 

spectrometer (Ionicon, PTR-MS 500). (29) 

All gas flows were set by means of calibrated gas flow controllers (MKS 1259/1179). The organic reactants 

and gases had the following purity: trimethylamine (³99.5 %, Aldrich), isoprene (>99 %, Aldrich), DMS (>99 %, 

Sigma-Aldrich), a-pinene (99.5 %, Fluka), toluene (99.8 %, Aldrich), 1-butene (99 %, Messer) and NO 

(498 ± 10 ppmV NO (99.5 %) in N2 (99.999 %), Air Liquide). Air was taken from a commercial PSA (Pressure 

Swing Adsorption) unit with further purification by a series of absorber units filled with activated charcoal, 4 Å 

and 10 Å molecular sieves. 
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S1.2. Product analysis by mass spectrometry 

The detection of RO2 radicals and closed-shell products was performed by means of a CI-APi-TOF (chemical 

ionization – atmospheric pressure interface – time-of-flight) mass spectrometer (Tofwerk AG, Airmodus) with 

a resolving power > 3000 Th/Th sampling from the center flow of the free-jet flow system with a sampling rate 

of 10 L min-1 (STP). The ion-molecule reaction (IMR) took place at atmospheric pressure using a Boulder-type 

inlet. (30) As reagent ions served iodide (I-) and nitrate (NO3
-).  

In the case of ionization by I-, tert-C4H9I was added to a 35 L min-1 (STP) flow of purified N2 with a 

concentration of ~5 ´ 1011 molecules cm-3 producing the charger ions after ionization with a 241Am source. In 

the case of ionization by nitrate (NO3
-), a 0.5 ml nitric acid-containing vial was connected to the 35 L min-1 (STP) 

sheath flow without overflowing the nitric acid sample. HNO3 diffusion from the vial into the N2 flow was 

sufficient to form the reagent ions (HNO3)xNO3
-, x = 0, 1, 2, ions with the needed signal strength after ionization 

by the 241Am source. The ions from the sheath flow are guided into the sample flow by an electric field without 

mixing of both gas streams.  

RO2 radicals and closed-shell products were detected as a cluster with the respective reagent ions, i.e., 

(product)I- or (product)NO3
-. Stated normalized product signals were determined according to equation (S1a) or 

(S1b) using either iodide (I-) or nitrate (NO3
-), respectively: 

 

Normalized	signal = [(1234567)9:]
[9:]	

	 (S1a) 

Normalized	signal = 	
[(product)NODE]

[NODE] 	+	 [(HNOD)NODE] 	+	[(HNOD)HNODE]		
(S1b) 

 

The quantities in equations (S1a) and (S1b), i.e. [(product)I-] etc., are the measured signal intensities. Duty cycle 

correction is applied in order to compensate for the mass-dependent transmission of the mass spectrometer, i.e. 

the normalized product signals were corrected with respect to I- at nominal 127 Th or with respect to NO3
- at 

nominal 62 Th depending on the ionization scheme used. (31) If not otherwise specified, stated measurement 

results were obtained from 10 min data accumulation. Statistical uncertainty of signal intensities was less than 

20 %, in most cases less than 10 %.   

The detection of SO3 was carried out by means of nitrate ionization monitoring the signals of (SO3)NO3
- 

and SO4
-. (32) SO3 concentrations were calculated according to equations (S2a) and (S2b) for both measured 

signals.  

[SOD] = f(KLM)NLM: 	
[(SOD)NODE]

[NODE] 	+	 [(HNOD)NODE] 	+	[(HNOD)HNODE]		
(S2a) 
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[SOD] = fKLP: 	
[SOQE]

[NODE] 	+	[(HNOD)NODE] 	+	 [(HNOD)HNODE]		
(S2b) 

 

The needed calibration factors f(KLM)NLM: and fKLP: were experimentally determined as described in the previous 

work. (33) Also here, measured data were obtained from 10 min data accumulation. 
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S1.3. Product concentrations in the OH + isoprene reaction 

Lower limit calibration factors with an expected uncertainty by a factor of 2 have been used in a previous study 

on OH + isoprene from our laboratory to determine lower limit product concentrations (also affected with an 

uncertainty by a factor of 2). (9) A suite of reagent ions was applied, i.e., hydrazinium (H2NNH3
+), 

methylaminuim (CH3NH3
+), ethylaminium (C2H5NH3

+), n-propylaminium (n-C3H7NH3
+), acetate (CH3COO-) 

and iodide (I-), measuring the product formation in each case for identical reaction conditions. Comparison of 

the results, supported by theoretical calculations on the cluster stability of “(product)reagent-ion”, allowed us to 

conclude that products of the OH + isoprene reaction bearing at least 2 OH or OOH groups are detectable with 

close to maximum sensitivity (in most cases) using either hydrazinium or methylaminuim, i.e., the lower limit 

concentrations should be close to the “real” concentration. (9) The comparison for the different reagent ions 

allows an estimate of calibration factors for product measurements by iodide in the OH + isoprene reaction, as 

carried out in this study.  

 

HO-C5H8O2: While hydrazinium showed the best sensitivity for the initially formed RO2 radicals (for all isomers 

in total), their concentrations were distinctly underestimated by all reagent ions applied. The calibration factor 

f(I-, HO-C5H8O2) is accessible by comparing the measurements with modelling results of HO-C5H8O2 

concentrations, see Fig. 4a and Fig.S8 in reference (9), leading to f(I-, HO-C5H8O2) = 1.5 ´ 1012 molecules cm-3 

with an uncertainty of a factor of 2. 

HO-C5H8(O2)O2: Ionization by iodide showed almost identical results as observed by hydrazinium, see Fig. 4b 

in reference (9). This RO2 radical is bearing an OH and an OOH group, and ionization by hydrazinium should 

be very efficient with close to maximum sensitivity. Thus, the lower limit calibration factor can be used, f(I-, 

HO-C5H8(O2)O2) = 1.85 ´ 109 molecules cm-3 with an uncertainty of a factor of 2.   

HO-C5H8(O2)2O2: This RO2 radical has most likely one additional OOH group compared to HO-C5H8(O2)O2 

and should be as detectable as the HO-C5H8(O2)O2 radical, see also Fig. S3 in reference (9). Consequently, also 

f(I-, HO-C5H8(O2)2O2) = 1.85 ´ 109 molecules cm-3 with an uncertainty of a factor of 2 can be expected.   

HO-C5H8OOOH: Here we used the findings for the signal of the hydroxy hydroperoxide, HO-C5H8OOH, 

assuming a similar behavior of OOH and OOOH groups in the binding with the reagent ions. Ionization by iodide 

was about a factor of 3.5 less efficient than ionization by hydrazinium, see Fig. S6 in reference (9). Assuming 

again close to maximum sensitivity using hydrazinium ionization, f(I-, HO-C5H8OOOH) = 6.5 ´ 109 molecules 

cm-3 follows with an uncertainty of a factor of 2. 

HO-C5H8(O2)OOOH: This hydrotrioxide has most likely an OOH group more than HO-C5H8OOOH and should 

be detectable with close to maximum sensitivity also by iodide, i.e., f(I-, HO-C5H8(O2)OOOH) = 1.85 ´ 109 

molecules cm-3 with an uncertainty of a factor of 2. 
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The product concentrations [product]	can be calculated from the normalized product signals, equation (S1a), 

multiplied by the estimated calibration factor via equation (S3).  

 

[Product] = f(IE, product)	 [(1234567)9
:]

[9:]	
(S3) 
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S1.4. Kinetic analysis 

OH radical concentration measured by SO3 formation: 

The amount of formed SO3 from the OH + SO2 reaction is described by 

 

[SOD]7 = 	 kLWXKLY	´	[OH]	´	[SOH]Z	´	t	 (S4) 

 

based on the rate law 

 

d[SOD]
dt = 	kLWXKLY	´	[OH]	´[SOH] (S5) 

 

assuming time-independent concentrations of OH radicals and SO2. This assumption is justified for SO2 because 

its conversion is clearly smaller than 0.001 in each case and the initial concentration [SO2]0 can be applied in the 

equations. For OH, it means that we have to assume an average (time-independent) OH concentration, [OH]av, 

for the whole reaction time t (7.5 s). 

[OH]av follows from the experimentally obtained amount of formed SO3, [SO3]t, based on equation (S4): 

 

[OH]]^ =
[SOD]7

(kLWXKLY	´	[SOH]Z	´	t	)
(S6) 

 

The rate coefficient k(OH+SO2) = 5.8 ´ 10-13 cm3 molecule-1 s-1 determined for 1 bar N2 at 298 K was taken 

from the literature (34) and an uncertainty of 20 % in k(OH+SO2) is assumed. The resulting uncertainty (Gauß´s 

propagation of uncertainty) in [OH]]^ is calculated to be about 30 % considering the uncertainty in k(OH+SO2) 

and the uncertainty of the SO3 calibration of 20 %. (33)  

  



 S9 

Rate coefficient of ROOOH formation in the OH + isoprene reaction: 

The rate law of ROOOH formation is given by: 

 

d[ROOOH]
dt = 	kaLYXLW	´	[OH]	´	[ROH] (S7) 

Experiments in the free-jet flow system confirmed the linear rise of RO2 radical concentrations with time, for 

HO-C5H8O2 and HO-C5H8(O2)O2 radicals see Fig. 3 in reference (9). Thus, the RO2 concentrations can be 

written as follows: 

 

[ROH]		 = 		f(t) 	= 		a	´	t	,			a	 = 	constant		 (S8) 

 

The differential equation (S7) can be given in the following way: 

 

d[ROOOH]
dt = 	kaLYXLW	´	[OH]	´	a	´	t (S9) 

 

Integration of equation (S9) using the time-independent OH concentration, [OH]av, leads to: 

 

[ROOOH]7 		= 		 kaLHXLW	´	[OH]
]^	´	a	´

tH

2
(S10) 

 

The value “a” from equation (S8) is the slope of [RO2] vs. t and is given by the measured RO2 radical 

concentration at the specific time t, i.e., a = [ROH]7	/	t. 

 

[ROOOH]7 		= 		0.5	´	kaLYXLW	´	[OH]
]^	´	[ROH]7	´	t (S11) 

 

The slope of [ROOOH]t vs. [OH]av ´ [RO2]t yields the rate coefficient kRO2+OH multiplied with 0.5 ´ t, t = 7.5 s 

in all experiments, where the concentrations of ROOOH and RO2 have been measured. The concentrations of 

the hydrotrioxides and RO2 radicals are affected with an expected uncertainty by a factor of 2 ( 	%EiZ
XjZZ ), while 



 S10 

for OH radicals an uncertainty of about 30 % has been estimated. The resulting uncertainty in kRO2+OH is 	%Ekl
XjQQ  

according to Gauß´s propagation of uncertainty. 

 

Rate coefficient of ROOOH formation in the reactions OH + trimethylamine and  

OH + a-pinene: 

The needed calibration factors f(I-, RO2) and f(I-, ROOOH) are not available for these reaction systems. However, 

close to maximum detection sensitivity can be assumed for the highly oxidized RO2 radicals 

(HOOCH2)2NCH2O2, HO-C10H16(O2)2O2 and the corresponding hydrotrioxides due to their high degree of 

functionalization (especially -OH, -OOH and -OOOH groups) as well as their large polarizability.  Thus, setting 

f(I-, RO2) ~ f(I-, ROOOH), equation (S11) can be written using the measured normalized signals: 

 

signal(ROOOH)7 		= 		0.5	´	kaLYXLW	´	[OH]
]^	´	signal(ROH)7	´	t (S12) 

 

OH radical measurements, [OH]av, were not possible in the OH + trimethylamine system. Here, modeled average 

OH concentrations, [OH]model, were used instead of [OH]av. An uncertainty of a factor of 2 in [OH]model is 

estimated. The overall uncertainty in kRO2+OH based on data analysis via equation (S12) depends on the accuracy 

of f(I-, RO2) ~ f(I-, ROOOH). We assume an uncertainty in kRO2+OH being not higher than a factor of 5 in the 

case of these highly oxidized RO2 radicals. 
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S1.5. Reaction mechanism OH + trimethylamine 

 

Table S1: Reaction mechanism used for modeling of OH radical concentrations in the OH + TMA reaction. 
Rate coefficients at ~295 K were taken from the literature. (10, 14, 35-38) 

reaction rate coefficient 

(cm3 molecule-1 s-1 or s-1) 

IPN  (+O2)  ®  NO + HO2 + acetone  0.0016 

NO   +  HO2  ®  OH + NO2 8.9´10-12, (36) 

OH   +  HO2  ®  H2O + O2 1.1´10-10, (36) 

HO2  +  HO2  ®  H2O2 + O2 1.65´10-12, (36) 

OH   +  NO   ®  HNO2 1.0´10-11, (36) 

OH   +  NO2  ®  HNO3 1.2´10-11, (36) 

O3   +  NO   ®  NO2 + O2 1.8´10-14, (36) 

O3   +  NO2  ®  NO3 + O2 3.5´10-17, (36) 

O3   +  HO2  ®  OH + 2´O2 2.0´10-15, (36) 

OH   +  TMA (+ O2)  ®  (CH3)2NCH2O2 + H2O 6.1´10-11, (37) 

(CH3)2NCH2O2 (+ O2)  ® (HOOCH2)(CH3)NCH2O2 2.3 (14) 

(HOOCH2)(CH3)NCH2O2  ®  (HOOCH2)(CH3)NCHO + OH 0.088 (14) 

(HOOCH2)(CH3)NCH2O2 (+ O2)  ®  (HOOCH2)2NCH2O2   0.42 (14) 

(HOOCH2)2NCH2O2  ®  (HOOCH2)2NCHO + OH 0.041 (14) 

CH3C(O)CH2O2 + NO ® 0.93´NO2 + 0.93´HO2 + products 8.8´10-12, (10)  

HO-TMEO2 + NO ® 0.9´NO2 + 0.9´HO2 + products 8.8´10-12, (10) 

(CH3)2NCH2O2 + NO ® 0.93´(CH3)2NCH2O + 0.93´NO2 + 
0.07´(CH3)2NCH2ONO2 

8.8´10-12, (10) 

(HOOCH2)(CH3)NCH2O2 + NO ® 0.93´(HOOCH2)(CH3)NCH2O + 
0.93´NO2 + 0.07´(HOOCH2)(CH3)NCH2ONO2 

8.8´10-12, (10)  
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(HOOCH2)2NCH2O2 + NO ® 0.93´(HOOCH2)2NCH2O + 0.93´NO2 + 
0.07´(HOOCH2)2NCH2ONO2 

8.8´10-12, (10)  

(CH3)2NCH2O ®  (CH3)2NCH2O_decomp 2.0´106, (14) 

(HOOCH2)(CH3)NCH2O ®  (HOCH2)(CH3)NCH2O2 1.0´1010, (14) 

(HOOCH2)2NCH2O ®  (HOOCH2)(HOCH2)NCH2O2 6.0´109, (14) 

(HOCH2)(CH3)NCH2O2 (+ O2)  ®  (HOOCH2)(HOCH2)NCH2O2 0.41 (14) 

(HOCH2)(CH3)NCH2O2 (+ O2)  ®  (HOOCH2)(CH3)NCHO + HO2 0.13 (14) 

(HOCH2)(CH3)NCH2O2 + NO ® 0.93´(HOCH2)(CH3)NCH2O + 
0.93´NO2 + 0.07´(HOCH2)(CH3)NCH2ONO2 

8.8´10-12, (10)  

(HOCH2)(CH3)NCH2O ®  (HOCH2)(CH3)NCH2O_decomp 3.0´105, (14) 

(HOOCH2)(HOCH2)NCH2O2 ®  (HOOCH2)(HOCH2)NCHO + OH 0.0060 (14) 

(HOOCH2)(HOCH2)NCH2O2 (+ O2)  ®  (HOOCH2)2NCHO + HO2 0.13 (14) 

(HOOCH2)(HOCH2)NCH2O2 + NO ® 
0.93´(HOOCH2)(HOCH2)NCH2O + 0.93´NO2 + 
0.07´(HOOCH2)(HOCH2)NCH2ONO2 

8.8´10-12, (10)  

(HOOCH2)(HOCH2)NCH2O ®  (HOCH2)2NCH2O2 3.0´108, (14) 

(HOCH2)2NCH2O2 (+ O2)  ®  (HOOCH2)(HOCH2)NCHO + HO2 0.22 (14) 

(HOCH2)2NCH2O2 + NO ® 0.93´(HOCH2)2NCH2O + 0.93´NO2 + 
0.07´(HOCH2)2NCH2ONO2 

8.8´10-12, (10) 

(HOCH2)2NCH2O (+ O2)  ®  (HOCH2)2NCHO + HO2 5.4´104, (14) 

OH  +  CH4 (+O2)  ®  CH3O2 + H2O 6.28x10-15, (35) 

CH3O2  +  NO (+O2)  ®  HCHO + HO2 + NO2  7.7x10-12, (35) 

OH  +  CO (+O2)  ®  CO2 + HO2  1.66x10-13, (38)  

 

Background concentrations of CH4 and CO in the reaction gas (air) were set at 4.6 ´ 1013 and 3.4 ´ 1012 

molecules cm-3, respectively, representing average concentrations in the northern hemisphere. It is to be noted, 

that the reaction gas air is taken from a PSA (Pressure Swing Adsorption) unit with further purification by a 

series of absorbers not changing the CH4 and CO content significantly. 
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S1.6. Additional information from TROPOS experiments 

 

 

Fig. S1 Product spectrum from OH + trimethylamine measured by iodide ionization. The product signal 

appears as an adduct with iodide I- and is shifted by 126.9 Th. The spectrum represents the measured raw 

spectrum obtained from 10 min data accumulation. The red trace is the signal of ((HOOCH2)2NCH2OOOH)I- 

from peak fitting. Reactant concentrations were: [trimethylamine] = 2.6 ´ 1010, [IPN] = 1.5 ´ 1011 and [NO] = 

1.0 ´ 1010 molecules cm-3. 
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Fig. S1: Product traces from OH + trimethylamine for different reaction conditions. Product ionization was 

carried out by iodide. Reactant concentrations were: [trimethylamine] = 1.5 ´ 1010 or 1.5 ´ 1011, [IPN] = 

1.5 ´ 1011 and [NO] = 1.0 ́  1010 molecules cm-3. IPN photolysis with NO addition was running during the whole 

time period. One measurement cycle comprises 60 s data accumulation. The measured (normalized) signals had 

a standard deviation of < 20 %. Trimethylamine (TMA), 1.5 ´ 1011 molecules cm-3, was added to the reaction 

gas at measurement cycle 19. TMA was lowered to 1.5 ´ 1010 molecules cm-3 at measurement cycle 38. Reducing 

the TMA concentration leads to lowering of the production of (HOOCH2)2NCH2O2 radicals and the 

corresponding isomerization product (HOOCH2)2NCHO while the (HOOCH2)2NCH2OOOH production 

increases, see also Fig. 2B and explanations in the main text. A sampling device including a dilution unit (dilution 

factor: ~7/1, dilution gas: N2) was inserted instead of the commonly used sampling tube in the range of 

measurement cycles 57 to 77. All measured product signals decreased according to the dilution in a parallel way. 

This indicates that product formation is not distinctly influenced by any unwanted processes during the ionization 

process in the ion-molecule reaction zone. Otherwise, the signals would not follow the dilution factor. At 

measurement cycle 97, propane with a concentration of 4.9 ´ 1015 molecules cm-3 was added to the reaction gas 

consuming the OH radicals almost completely. All product signals dropped down close to the background level. 

That demonstrates that all products solely originate from OH radical reactions. 
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Fig. S2: Product formation from OH + trimethylamine as a function of relative humidity, < 0.1 - 21 %. 

Product ionization was carried out by iodide. Reactant concentrations were: [trimethylamine] = 4.0 ´ 1010, 

[IPN] = 1.6 ´ 1012 and [NO] = 2.0 ´ 1010 molecules cm-3. Product sampling was carried out by means of a two-

stage dilution unit (dilution factor of ~150) in order to keep the water vapor content in the IMR zone small. The 

dilution gas was high-grade nitrogen. Rising water content was monitored by means of the (H2O)I- signal. The 

blue stars show the signal ratio (H2O)I-/ I-. The measured (normalized) signals had a standard deviation of < 20 %.   

 

  

0 5 10 15 20 25
0

5x10-4

1x10-3

 

relative humidity  (%)

no
rm

ali
ze

d 
sig

na
l

10-4

10-3

10-2

10-1

(HOOCH2)2NCH 2ONO 2

(HOOCH2)2NCH 2OOOH

(HOOCH2)2NCHO

(HOOCH2)2NCH 2O2

(H
2 O)I - / I -



 S16 

 

Fig. S3: Product formation from OH + trimethylamine as a function of NO. Product ionization was carried 

out by iodide. Stated OH concentrations are the result from modelling with an assumed uncertainty of a factor 

of 2 as shown by the error bars. The measured (normalized) signals had a standard deviation of < 20 %. The 

signal of the organic nitrate (HOOCH2)2NCH2ONO2, formed via NO + RO2 ® RONO2, increased with rising 

NO almost parallel to the calculated OH concentration formed via NO + HO2 ® OH + NO2. The signal of the 

RO2 radical (HOOCH2)2NCH2O2 (compound I in the main text) first increased due to the relatively strong 

increase in OH and then slightly declined according to rising importance of NO + RO2 reactions. The signal of 

the hydrotrioxide (HOOCH2)2NCH2OOOH (III) followed the product signal(RO2) ́  [OH]model as expected from 

ROOOH´s formation kinetics, see Fig. S4. Reactant concentrations were: [trimethylamine] = 5.2 ´ 1011, [IPN] 

= 1.5 ´ 1011 and [NO] = (5.0 - 50) ´ 109 molecules cm-3. 

  

0 1x1010 2x1010 3x1010 4x1010 5x1010

10-4

10-3

10-2

10-1

 

[NO]  (molecules cm-3)

no
rm

ali
ze

d 
sig

na
l

106

107

108

OH

(HOOCH2)2NCH 2OOOH

(HOOCH2)2NCH 2ONO 2

(HOOCH2)2NCH 2O2

[OH]m
odel   (m

olecules cm
-3)



 S17 

 

Fig. S4: OH + trimethylamine: Relation of signal(ROOOH) vs. signal(RO2) ´ [OH]model. The given 

normalized signals of ROOOH, (HOOCH2)2NCH2OOOH, and RO2 radicals, (HOOCH2)2NCH2O2, as well as 

the OH concentrations from modelling were taken from the experiments as shown in Fig. 2A and Fig. S3. The 

measured (normalized) product signals had a standard deviation of < 20%. An uncertainty of a factor of 2 in 

[OH]model is estimated. Error bars are not shown. Assuming close to maximum detection sensitivity for this 

highly oxidized RO2 radical and the corresponding ROOOH, data analysis according to equation (S12) yielded 

k((HOOCH2)2NCH2O2+OH) = (3.2 ± 0.1) ´ 10-10 cm3 molecule-1 s-1 from the IPN-dependent measurements, see 

Fig. 2A, and (2.6 ± 0.3) ´ 10-10 cm3 molecule-1 s-1 from the NO-dependent measurements, see Fig. S3. Stated 

error range considers the statistical error only. The overall uncertainty in k((HOOCH2)2NCH2O2+OH) is 

assumed to be not higher than a factor of 5 mainly based on the assumption of close to maximum detection 

sensitivity for both (HOOCH2)2NCH2O2 and (HOOCH2)2NCH2OOOH. 
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Fig. S5: Product formation from OH + trimethylamine measured by nitrate ionization. Rising OH levels 

in the measurement series result from a constant OH production rate with constant photolysis conditions, i.e., 

constant IPN and NO concentrations, and lowering of the OH loss rate by reducing the main OH consumer 

trimethylamine. The measured (normalized) signals had a standard deviation of < 20 %. (HOOCH2)2NCH2O2 

(compound I in the main text) is the highest oxidized RO2 radical in this system, (HOOCH2)2NCHO (II) the 

amide formed from RO2 isomerization, ((HOOCH2)2NCH2O)2 (IV) the accretion product from the reaction RO2 

+ RO2 ® ROOR + O2, and (HOOCH2)2NCH2OOOH (III) the hydrotrioxide formed via RO2 + OH. Reactant 

concentrations were: [trimethylamine] = (8.0 - 120) ´ 1010, [IPN] = 1.56 ´ 1012 and [NO] = 2.0 ´ 1010 molecules 

cm-3. 
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Fig. S6: Results of the H/D exchange experiment in the OH + trimethylamine reaction. Signals attributed 

to the hydrotrioxide (HOOCH2)2NCH2OOOH were measured in the absence and presence of heavy water (D2O), 

product ionization by nitrate. In the latter case, a stream of N2 saturated with D2O was added to the sample gas 

just before the entrance to the ion-molecule reaction zone. The products appear as the adduct with nitrate. The 

process of H/D exchange is likely due to reactions of (DNO3)NO3
- and (DNO3)2NO3

- during ionization. The 

calculated adduct masses are in very good agreement with the measurements as given in the spectra, 

((HOOCH2)2NCH2OOOH)NO3
-: 233.026 Th and ((DOOCH2)2NCH2OOOD)NO3

-: 236.045 Th. Reactant 

concentrations were: [trimethylamine] = 8.0 ´ 1010, [IPN] = 1.56 ´ 1012 and [NO] = 2.0 ´ 1010 molecules cm-3. 
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Fig. S7: Product spectrum from OH + isoprene measured by iodide ionization. The product signals appear 

as an adduct with iodide I- and are shifted by 126.9 Th. The spectrum represents the measured raw spectrum 

obtained from 10 min data accumulation. The red traces are the signals of (HO-C5H8OOOH)I- and (HO-

C5H8(O2)OOOH)I- from peak fitting. Reactant concentrations were: [isoprene] = 1.02 ´ 1010, [IPN] = 2.15 ´ 

1011 and [NO] = 1.0 ´ 1010 molecules cm-3. 
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Fig. S8: Average OH radical concentrations derived from SO3 measurements, OH + isoprene reaction. 

SO3 formation has been followed from the OH + SO2 reaction conducted in parallel to the OH + isoprene reaction. 

SO3 detection was carried out by means of nitrate ionization monitoring the signals of (SO3)NO3
- and SO4

-. (32) 

The uncertainty of the SO3 calibration is estimated to be less than ± 20 % as shown by the error bars. (33) The 

average OH radical concentration was calculated from the mean value of the resulting SO3 concentrations 

according to equation (S6). The SO2 addition was kept small in order to prevent disturbance of the OH + isoprene 

reaction, [SO2] = 2.47 ´ 1011 and [isoprene] = (6.08 - 304) ´ 109 molecules cm-3. The ratio of the OH reactivity 

k(OH+isoprene) ´ [isoprene] / k(OH+SO2) ´ [SO2] is in the range 4.3 - 213. The resulting uncertainty (Gauß´s 

propagation of uncertainty) of the average OH radical concentrations is calculated to be about 30 % assuming 

an uncertainty of ± 20 % in k(OH+SO2) (34) and the uncertainty of the SO3 calibration of 20 %. 
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Fig. S9: Formation of RO2 radicals and hydrotrioxides from OH + isoprene. Product concentrations were 

obtained using calibration factors based on former investigations, see explanations in Section S1.3. OH and RO2 

radical concentrations increased in the experiment with rising IPN concentrations, [IPN] = (1.06 - 9.54) ´ 1011, 

[NO] = 1.0 ´ 1010 and [isoprene] = 2.03 ´ 1010 molecules cm-3. Product ionization was carried out by iodide. 

The HO-C5H8(O2)2OOOH signal is expected to be below the detection limit. Product concentrations had an 

uncertainty of a factor of 2 caused by the uncertainty in the calibration factors. 
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Fig. S10: Product spectrum from OH + dimethyl sulfide (DMS) measured by iodide ionization. The product 

signal appears as an adduct with iodide I- and is shifted by 126.9 Th. The spectrum represents the measured raw 

spectrum obtained from 10 min data accumulation. The red trace is the signal of (HOOCH2SCH2OOOH)I- from 

peak fitting. Reactant concentrations were: [DMS] = 2.5 ´ 1011, [IPN] = 2.12 ´ 1011 and [NO] = 1.0 ´ 1010 

molecules cm-3. 
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Fig. S11: Product formation, including the hydrotrioxide, from OH + DMS. Products from the addition 

channel are given in black and those from the abstraction channel in red. (39-41) Product measurements were 

carried out by iodide ionization. The measured (normalized) signals had a standard deviation of < 20 %. The OH 

level increased in the experiment due to lowering of the DMS concentration in the reaction gas for constant 

photolysis conditions, [IPN] = 2.12 ´ 1011, [NO] = 1.0 ´ 1010 and [DMS] = (1.5 - 75.1) ´ 1011 molecules cm-3. 

In an additional experiment in the presence of SO2 for otherwise identical reaction conditions, the OH 

concentration was determined indirectly by monitoring SO3 formation from OH + SO2 identical to the approach 

as described for OH + isoprene, see Fig. S8. The average OH radical concentration was calculated from the mean 

value of the resulting SO3 concentrations according to equation (S6). The SO2 addition was kept small in order 

to prevent disturbance of the OH + DMS reaction, [SO2] = 2.47 ´ 1011 molecules cm-3. Resulting uncertainty of 

the average OH radical concentrations is calculated to be about 30 % considering the uncertainties of the SO3 

calibration and in k(OH+SO2). CH3S(O)CH3 (DMSO) is a main product from the addition channel of the OH + 

DMS reaction. (39) CH3S(O)OH (MSIA) is produced from OH + DMSO, i.e., it represents a product of a 

secondary OH reaction. HOOCH2SCH2O2 radicals are generated via RO2 isomerization of the primarily formed 

CH3SCH2O2 radicals from the abstraction channel of OH + DMS. HOOCH2SCHO results from the rapid 

HOOCH2SCH2O2 isomerization. (40) The signal of the hydrotrioxide HOOCH2SCH2OOOH, formed via 

HOOCH2SCH2O2 + OH, increases with rising OH level in the experiment in an almost parallel way as MSIA 

that is also formed in a secondary OH reaction.  
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Fig. S12: Product spectrum from OH + a-pinene measured by iodide ionization. The product signals appear 

as an adduct with iodide I- and are shifted by 126.9 Th. The spectrum represents the measured raw spectrum 

obtained from 10 min data accumulation. The red traces are the signals of (HO-C10H16OOOH)I- and (HO-

C10H16(O2)2OOOH)I- from peak fitting. Reactant concentrations were: [a-pinene] = 2.0 ´ 1010, [IPN] = 2.15 ´ 

1011 and [NO] = 1.0 ´ 1010 molecules cm-3. 
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Fig. S13: Product formation, including the hydrotrioxides, from OH + a-pinene. Product measurements 

were carried out by iodide ionization. The measured (normalized) signals had a standard deviation of < 20 %. 

The OH level increased in the experiment due to lowering of the a-pinene concentration in the reaction gas for 

constant photolysis conditions, [IPN] = 2.15 ´ 1011, [NO] = 1.0 ´ 1010 and [a-pinene] = (1.2 - 60) ´ 1010 

molecules cm-3. In an additional experiment in the presence of SO2 for otherwise identical reaction conditions, 

the OH concentration was determined indirectly by monitoring SO3 formation from OH + SO2 identical to the 

approach as described for OH + isoprene, see Fig. S8. The average OH radical concentration was calculated 

from the mean value of the resulting SO3 concentrations according to equation (S6). The SO2 addition was kept 

small in order to prevent disturbance of the OH + a-pinene reaction, [SO2] = 2.47 ´ 1011 molecules cm-3. 

Resulting uncertainty of the average OH radical concentrations is calculated to be about 30 % considering the 

uncertainties of the SO3 calibration and in k(OH+SO2), shown by the error bars. HO-C10H16(O2)2O2 represents 

the highest oxidized RO2 radical in this reaction system (8, 33) and HO-C10H16(O2)2ONO2 the corresponding 

organic nitrate formed via RO2 + NO ® RONO2 with a practically constant NO level in the experiment. The 

observed hydrotrioxides HO-C10H16OOOH and HO-C10H16(O2)2OOOH are formed from the OH reaction of the 

least and highest oxidized RO2 radicals, respectively.  
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Fig. S14: Product spectrum from OH + toluene measured by iodide ionization. The product signal appears 

as an adduct with iodide I- and is shifted by 126.9 Th. The spectrum represents the measured raw spectrum 

obtained from 10 min data accumulation. The red trace is the signals of (HO-C7H8(O2)OOOH)I- from peak fitting. 

The reactant concentrations were: [toluene] = 1.65 ´ 1011, [IPN] = 2.15 ´ 1011 and [NO] = 1.0 ´ 1010 molecules 

cm-3. 
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Fig. S15: Product formation, including the hydrotrioxide, from OH + toluene. Product measurements were 

carried out by iodide ionization. The measured (normalized) signals had a standard deviation of < 20 %. The OH 

level increased in the experiment due to lowering of the toluene concentration in the reaction gas for constant 

photolysis conditions, [IPN] = 2.15 ´ 1011, [NO] = 1.0 ´ 1010 and [toluene] = (9.9 - 495) ´ 1010 molecules cm-3. 

In an additional experiment in the presence of SO2 for otherwise identical reaction conditions, the OH 

concentration was determined indirectly by monitoring SO3 formation from OH + SO2 identical to the approach 

as described for OH + isoprene, see Fig. S8. The average OH radical concentration was calculated from the mean 

value of the resulting SO3 concentrations according to equation (S6). The SO2 addition was kept small in order 

to prevent disturbance of the OH + toluene reaction, [SO2] = 2.47 ´ 1011 molecules cm-3. Resulting uncertainty 

of the average OH radical concentrations is calculated to be about 30 % considering the uncertainties of the SO3 

calibration and in k(OH+SO2), shown by the error bars. HO-C7H8(O2)O2 represents the first detectable RO2 

radical in this reaction system likely formed after the rapid endo-cyclization of the primarily produced HO-

C7H8O2 radical.  HO-C7H8(O2)ONO2 is the corresponding organic nitrate and (HO-C7H8(O2)O)2 is the accretion 

product from the RO2 + RO2 ® ROOR + O2 reaction. The signal of the hydrotrioxide HO-C7H8(O2)OOOH, 

formed via HO-C7H8(O2)O2 + OH, follows the product [HO-C7H8(O2)O2] ´ [OH]. 
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Fig. S16: Product spectrum from OH + 1-butene measured by iodide ionization. The product signal appears 

as an adduct with iodide I- and is shifted by 126.9 Th. The spectrum represents the measured raw spectrum 

obtained from 10 min data accumulation. The red trace is the signals of (HO-C4H8OOOH)I- from peak fitting. 

The reactant concentrations were: [1-butene] = 3.0 ´ 1010, [IPN] = 2.15 ´ 1011 and [NO] = 1.0 ´ 1010 molecules 

cm-3. 
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Fig. S17: Product formation, including the hydrotrioxide, from OH + 1-butene. Product measurements were 

carried out by iodide ionization. The measured (normalized) signals had a standard deviation of < 20 %. The OH 

level increased in the experiment due to lowering of the 1-butene concentration in the reaction gas for constant 

photolysis conditions, [IPN] = 2.15 ´ 1011, [NO] = 1.0 ´ 1010 and [1-butene] = (1.8 - 90) ´ 1010 molecules cm-3. 

In an additional experiment in the presence of SO2 for otherwise identical reaction conditions, the OH 

concentration was determined indirectly by monitoring SO3 formation from OH + SO2 identical to the approach 

as described for OH + isoprene, see Fig. S8. The average OH radical concentration was calculated from the mean 

value of the resulting SO3 concentrations according to equation (S6). The SO2 addition was kept small in order 

to prevent disturbance of the OH + 1-butene, [SO2] = 2.47 ´ 1011 molecules cm-3. Resulting uncertainty of the 

average OH radical concentrations is calculated to be about 30 % considering the uncertainties of the SO3 

calibration and in k(OH+SO2), shown by the error bars. HO-C4H8O2 is the formed RO2 radical from the OH 

addition to 1-butene and HO-C4H8ONO2 the corresponding organic nitrate.  
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Fig. S18: OH + DMS: Relation of signal(ROOOH) vs. signal(RO2) ´ [OH]. The given normalized signals of 

ROOOH, HOOCH2SCH2OOOH, and RO2 radicals, HOOCH2SCH2O2, as well as the measured average OH 

concentrations were taken from the experiments as given in Fig. S11. Error bars are not shown. Determination 

of the rate coefficient k(RO2+OH) seems to be impossible because we cannot ensure close to maximum (or 

similar) detection sensitivity for ROOOH and the RO2 radical in this reaction system.  
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Fig. S19: OH + a-pinene: Relation of signal(ROOOH) vs. signal(RO2) ´ [OH]. The given normalized signals 

of ROOOH, HO-C10H16(O2)2OOOH, and RO2 radicals, HO-C10H16(O2)2O2, as well as the measured average OH 

concentrations were taken from the experiments as given in Fig. S13. An uncertainty of about 30 % in [OH] is 

calculated considering the uncertainties of the SO3 calibration and in k(OH+SO2). Error bars are not shown. 

Assuming close to maximum detection sensitivity for this highly oxidized RO2 radical and the corresponding 

ROOOH, data analysis according to equation (S12) yielded a value k(HO-C10H16(O2)2O2+OH) = (1.8 ± 0.2) ´ 

10-10 cm3 molecule-1 s-1. Stated error range considers the statistical error only. The overall uncertainty in k(HO-

C10H16(O2)2O2+OH) is assumed to be not higher than a factor of 5. 
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Fig. S20: OH + toluene: Relation of signal(ROOOH) vs. signal(RO2) ´ [OH]. The given normalized signals 

of ROOOH, HO-C7H8(O2)OOOH, and RO2 radicals, HO-C7H8(O2)O2, as well as the measured average OH 

concentrations were taken from the experiments as given in Fig. S15. Error bars are not shown. Determination 

of the rate coefficient k(RO2+OH) seems to be impossible because we cannot ensure close to maximum (or 

similar) detection sensitivity for ROOOH and the RO2 radical.  

 

 

  

0 2x105 4x105 6x105
0

1x10-3

2x10-3

HO-C7H8(O2)OOOH
sig

na
l (

RO
OO

H)

signal (RO2) x [OH]  (molecules cm-3)



 S34 

 

Fig. S21: OH + 1-butene: Relation of signal(ROOOH) vs. signal(RO2) ´ [OH]. The given normalized signals 

of ROOOH, HO-C4H8OOOH, and RO2 radicals, HO-C4H8O2, as well as the measured average OH 

concentrations were taken from the experiments as given in Fig. S17. Error bars are not shown. Determination 

of the rate coefficient k(RO2+OH) seems to be impossible because we cannot ensure close to maximum (or 

similar) detection sensitivity for ROOOH and the RO2 radical.  

  

0 1x105 2x105 3x105 4x105 5x105
0

1x10-3

2x10-3

HO-C4H8OOOH

sig
na

l (
RO

OO
H)

10 x signal (RO2) x [OH]  (molecules cm-3)



 S35 

Table S2. Rate coefficients k(RO2+OH) derived from ROOOH formation, T = 295 ± 2 K. 

Parent compound RO2 radical 

 

k(RO2 + OH) 

(cm3 molecule-1 s-1) 

Isoprene HO-C5H8O2 5.1 ´ 10-11   * 

Isoprene HO-C5H8(O2)O2 1.1 ´ 10-10   *  

a-Pinene HO-C10H16(O2)2O2 1.8 ´ 10-10   † 

TMA (HOOCH2)2NCH2O2 3.2 ´ 10-10   †,‡,§ 

2.6 ´ 10-10   †,‡,ǁ 
* uncertainty of a factor of 3 - 4   
† uncertainty of a factor of 5 
‡ using modelled OH concentrations   
§ IPN dependent experiments, Fig. 2A 
ǁ NO dependent experiments, Fig. S3 
 

 

  



 S36 

S1.7. Caltech experiments on 2-methylpropene 

Signals using CF3O- chemical ionization mass spectrometry consistent with a hydrotrioxide were observed 

following the reaction of 2-methylpropene with OH (and O2) in experiments conducted in a 1 m3 Teflon (FEP) 

chamber at Caltech at RH < 0.3 %. Here, 2-methylpropene and H2O2 were introduced into the bag with clean 

air. The experiments were conducted as batch mode reactions at 296 K and 745 torr with contents being sampled 

and analyzed as a function of time using the Caltech CF3O- Chemical Ionization Mass Spectrometer (CIT-CIMS) 

operating with a resolving power of about 1000. (42) The contents from the experiment bag were sampled by 

the CIMS through a 2 m length of 4 mm ID Teflon (PFA) tubing. The flow rate to the instrumentation was ~2 

standard (273K, 1 atm) liters per minute (slm). Approximately 0.120 slm was sub-sampled and diluted with 

1.6 slm N2 within the CIMS instrument.  

 

Eight 48 inch, ozone-free 254 nm mercury vapor UV lamps (G40T10) illuminated the bag (JH2O2 ~ 5×10-4 s-1), 

initiating the chemistry by generating OH radicals from H2O2 photolysis: 

H2O2 + hv (254nm) → 2 OH 

The initial concentrations of alkene and H2O2 (400 ppbv and 1000 ppbv, respectively) were such that, initially, 

most (> 90 %) of the OH reacted with the alkene as compared with H2O2, as estimated using recommended rate 

coefficients from the literature (IUPAC). From initial OH production and loss rate calculations, OH is estimated 

to reach some 107 molecules cm-3. Under these conditions, fast RO2 + OH reactions may be expected to occur, 

particularly for RO2 species which react slowly by RO2 + RO2 and unimolecular reactions, and thus accumulate 

in the system. This appears to be the case for the dominant RO2 (tertiary) initially formed in the OH + 2-

methylpropene system. Upon UV illumination, products arising from the radical chemistry occurring in the bag 

were observed in the CIMS. These included signals with m/z 190, 207, 173, 175, and 191 which are consistent 

with CF3O- cluster ions formed from CF3O- reacting with 2-methylpropene derived hydroxy peroxy radical 

(RO2), hydroxy hydrotrioxide, hydroxy carbonyl, diol, and ROOH, respectively. Ion signals are normalized by 

the sum of 13C isotopes of reagent ions (13CF3O-, 13CF3O-•H2O, and 13CF3O-•H2O2). Significant levels of hydroxy 

hydroperoxide (ROOH) are observed (Fig. S22 panel A), despite initial conditions set to limit HO2 production 

from OH + H2O2 reactions. We attribute the formation of ROOH to arise in large part from secondary HO2 

produced from RO2 + RO2 reactions (via reactions of alkoxy radicals from the alkoxy channel), subsequently 

reacting with additional RO2 radicals. High levels of RO2 are inferred to build up in the system (~3.4 ppbv, 

assuming RO2 cluster sensitivity equivalent to ROOH cluster, and not correcting for any losses in the sampling 

line). The signal attributed to RO2 appears to peak and begin decreasing just before the lights are turned off. A 

signal attributed to the hydroxy hydrotrioxide of methylpropene accumulates during the lights on period and 

achieves a maximum mixing ratio of approximately 420 pptv (assuming same sensitivity as ROOH) at the time 

the lights were turned off. 
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After the UV lights were turned off, the signals corresponding to RO2 and methylpropene hydroxy hydrotrioxide 

species were observed to decay exponentially in the dark with lifetimes of approximately 4 and 20 minutes, 

respectively (Fig. S22 panel B and C). We note that these lifetimes represent the total loss rate for these species 

in the environmental chamber, which may include multiple important pathways, in particular wall reactions, and 

possibly water-catalyzed reactions analogously to the liquid phase.(43, 44) 

 

 
 

Fig. S22: CF3O--CIMS ion signal traces as a function of time for 2-methylpropene OH oxidation 

experiment in the presence of O2. 254 nm UV lights were illuminated at t = 0 minutes generating OH from 

H2O2 photolysis and turned off at t = 2.8 minutes (blue shaded area panel A and B). Panel A shows several ion 

signals consistent with arising from the 2-methylpropene products, including hydroxy hydroperoxide (blue), diol 

(yellow), and hydroxy carbonyl (green). Panel B shows transient ion signals consistent with arising from hydroxy 

peroxy radical (black) and hydroxy hydrotrioxide (red) species. Panel C shows the log-linear dark decay of 

signals in panel B, and fitting yields lifetimes of 4.4 and 20.5 minutes for the RO2 and the hydrotrioxide, 

respectively, at 296 K and 1 atm.  
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S2.  Global modeling  

S2.1. Model Setup 

The simulations were performed using the chemistry-climate model ECHAM-HAMMOZ, version ECHAM6.3-

HAM2.3-MOZ1.0. (23) The spatial configuration of the simulations is 1.875° × 1.875° horizontal resolution and 

47 vertical layers up to 0.01 hPa height. The model was tested and compared for methane lifetime and the 

concentration budgets of key oxidants (O3 and OH) in previous studies. The lifetime of methane was calculated 

to be 9.87 years and the average OH concentration 1.06×106 molecules cm-3 in the base case, which is in the 

range of estimates from other recent models and model inter-comparisons. (23)  

The simulations performed in this study were carried out for the year 2017 (plus a one year model spin-up) using 

prescribed sea surface temperatures and sea ice cover according to the Coupled Model Intercomparison Project 

Phase 5 (CMIP5) AMIP simulation protocol (45) The model is run in nudged mode using the ERA-Interim 

reanalysis from the European Center for Medium-Range Weather Forecasts (ECMWF). The global emission 

data of aerosols and gaseous compounds were taken from Atmospheric Chemistry and Climate Model 

Intercomparison Project (ACCMIP). (46) Emission of BVOCs are calculated online by Model of Emissions of 

Gases and Aerosols from Nature version 2.1 (MEGAN2.1). (47) Data output was every 6 hours. 

 

S2.2. Mechanism development 

Within ECHAM-HAMMOZ, the RO2 radical chemistry is described via the common reactions with HO2, NO, 

NO3, CH3O2 and CH3C(O)O2 radicals. For the isoprene-derived RO2 radicals, additionally the RO2 isomerization 

step leading to the lumped species HPALD is realized. A detailed description of the isoprene oxidation scheme 

and its application in ECHAM-HAMMOZ is given by Stadtler et al. (48) To study the importance of isoprene-

related ROOOH formation, its formation by the reaction of RO2 radicals with OH has been implemented. The 

reaction rate coefficient implemented in the chemistry mechanism is k(S13) = 5.1 ´ 10-11 cm3 molecules-1 s-1 as 

measured for HO-C5H8O2 + OH, see main manuscript. Another sensitivity run was carried out with the other 

experimentally observed rate coefficient of k(S13) = 1.1 ´ 10-10 cm3 molecules-1 s-1, (considered as upper limit 

value) to investigate the range of overall ROOOH formation potential. To investigate the role of the different 

ROOOH degradation pathways, the applied mechanism considers (i) the reaction with OH (S14), (ii) the thermal 

decomposition (S15) and (iii) the photolysis yielding the corresponding alkoxy radical (S16). The reaction rate 

coefficient of the OH + ROOOH reaction is assumed to be k(S14) = 7.5 ´ 10-11 cm3 molecules-1 s-1 as measured 

for the corresponding hydroperoxide, ISOPOOH + OH (21), which is a factor of 7.5 higher as used by Fittschen 

et al. (22) The implemented reaction rate coefficient for the thermal decomposition of ROOOH is k(S15) = 

8.0 ´ 10-4 s-1 according to the lower limit life time derived from the Caltech chamber experiments. To study the 
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sensitivity of the thermal ROOOH decomposition, a further run was performed without thermal decomposition. 

The photolysis rate of ROOOH (𝐽nooop, reaction S16) was scaled to the photolysis rate of CH3OOH calculated 

with the TUV model 5.4 (49) using the setup for the Master Chemical Mechanism descripted in (50). The 

theoretical calculated photolysis rate 𝐽nooop at 0 km altitude (see Section S4.3) is about a factor of 2.6 higher 

than that calculated for CH3OOH. In the ECHAM-HAMMOZ model, 𝐽nooop is calculated as the product of the 

absorption cross section and the quantum yield of CH3OOH, together with the extra-atmospheric solar flux and 

the atmospheric transmission function multiplied with the factor 2.6. To assess the total ROOOH production 

during the simulation, a counter species (SROOOH) was added in the reaction scheme (see reaction S13) that is 

not further oxidized or deposited. 

 

𝑅𝑂H + 𝑂𝐻 → 𝑅𝑂𝑂𝑂𝐻 + 𝑆𝑅𝑂𝑂𝑂𝐻 (S13) 

𝑅𝑂𝑂𝑂𝐻 + 𝑂𝐻 → 𝐼𝐸𝑃𝑂𝑋 + 𝐻𝑂H + 𝐻H𝑂 (S14) 

𝑅𝑂𝑂𝑂𝐻 + ∆	→ 𝑅𝑂 + 𝐻𝑂H (S15) 

𝑅𝑂𝑂𝑂𝐻 + ℎ𝜈 → 𝑅𝑂 + 𝐻𝑂H (S16) 

 

S2.3. Discussion of the modeling results  

The modeled annual vertical average concentrations of isoprene, OH radicals and ROOOH within the lowest 

5 model layers along with the modeled emission of isoprene is shown in Fig. S24. The simulation shows that the 

consideration of the thermal decomposition ROOOH has almost no effect on the modelled OH concentrations 

(Fig. S23 C and D). However, the modelled concentration of ROOOH is strongly dependent on the thermal 

decomposition, resulting in about an order of magnitude lower ROOOH concentrations when this reaction 

pathways is considered (Fig. S23 E and F). Furthermore, the simulations with k(RO2+OH) = 5.1 ´ 10-11 cm3 

molecules-1 s-1 indicate that the reaction of RO2 with OH radicals accounts globally for about 0.57 % of the fate 

of RO2 radicals derived from isoprene oxidation (Fig. S24). With the higher reaction rate coefficient of 

k(RO2+OH) = 1.1 ´ 10-10 cm3 molecules-1 s-1 (see main text) the contribution increases to about 1%.  

In accordance to some other global chemistry models (51), low OH radical concentrations are modeled in the 

Amazon Basin. Performed comparisons with OH radical measurements revealed that the model predictions can 

be realistic there. The modeled monthly maximum values of the OH radical are about 1 × 106 molecules cm-3 

for February and March which agrees with previously reported observations in 2014 by Jeong et al. (52). 

To investigate the effect of the new reaction pathways on the atmospheric chemical composition, a simulation 

with the original mechanism (DEFAULT) was carried out and compared with the two other performed 
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simulations for isoprene-related ROOOH chemistry (with and without the thermal ROOOH decomposition 

included). On an annual average, the newly included ROOOH chemistry has a quantitative impact on IEPOX 

production mainly between 30°N and 30°S (see Fig. S25 A and B). The modeled deviation in the source regions 

can reach up to 3 % compared to the DEFAULT simulation (Fig. S25 C and D). The global annual average 

IEPOX concentration decreased by -0.4 % or increased by 0.9 % within the lowest 5 model layers for the 

simulation with and without consideration of thermal ROOOH decomposition, respectively.  

Due to the advection of ROOOH and its role as possible HOx reservoir, the concentration budget of H2O2, an 

important atmospheric oxidant, can be affected. In Fig. S25 E and F, we show that the annual average deviations 

of H2O2 that can reach about 5 % in the trade wind regime within the lowest 5 model layers for both the 

simulation with and without consideration of thermal ROOOH decomposition. The calculations and comparisons 

with the DEFAULT simulation suggest that the added ROOOH reaction pathways can affect linked chemical 

subsystems. On regional scales, a contribution of the reaction between RO2 + OH even below 1% to the overall 

RO2 sinks can impact the H2O2 budget and the overall yields of key products such as IEPOX to a somewhat 

larger extent. 
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Fig. S23: Annual vertical average concentrations of isoprene, OH radicals and ROOOH in the simulation 

within the lowest 5 model layers (corresponds to an average altitude of about 900-1200 m above the 

ground). A: Modeled concentration (in molecules cm-3) of isoprene. B: Modeled emission (in mg m-3 day-1) of 

isoprene. C: Modeled concentration (in molecules cm-3) of OH radicals for the simulation with thermal ROOOH 

decomposition. D: Modeled concentration (in molecules cm-3) of OH radicals for the simulation without thermal 

ROOOH decomposition. E: Modeled concentration (in molecules cm-3) of ROOOH from isoprene oxidation for 

the simulation with thermal ROOOH decomposition. F: Modeled concentration (in molecules cm-3) of ROOOH 

from isoprene oxidation for the simulation without thermal ROOOH decomposition. The applied k(RO2+OH) 

reaction rate coefficient in the simulations was 5.1	´	10-11 cm3 molecules-1 s-1 for reaction (S13). 
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Fig. S24: Annual vertical average contribution (%) of the reaction between the isoprene-derived RO2 

radicals with the OH radical to the total RO2 sink. Contribution was calculated for the simulation with thermal 

ROOOH decomposition, however similar results are obtained without thermal ROOOH decomposition. The 

applied k(RO2+OH) reaction rate coefficient in the simulations was 5.1	´	10-11 cm3 molecule-1 s-1. 
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Fig. S25: Annual vertical average of the modeled IEPOX concentration difference as well as the H2O2 

concentration difference between the DEFAULT simulation and the simulation with and without thermal 

ROOOH decomposition within the lowest 5 model layers (corresponds to an average altitude of about 

900-1200 m above the ground). A: Modeled deviation in concentration (in ng m-3) of IEPOX between the 

simulation with thermal ROOOH decomposition and the DEFAULT simulation. B: Modeled deviation in 

concentration (in ng m-3) of IEPOX between the simulation without thermal ROOOH decomposition and the 

DEFAULT simulation. C: Modeled percentage difference in the concentration of IEPOX for the simulation with 

thermal ROOOH decomposition and the DEFAULT simulation. D: Modeled percentage difference in the 

concentration of IEPOX for the simulation without thermal ROOOH decomposition and the DEFAULT 

simulation. In panel C and D, values below or above 5 % are shaded by gray color for clarity. E: Modeled 

percentage difference in concentration of H2O2 for the simulation with thermal ROOOH decomposition and the 

DEFAULT simulation. F: Modeled percentage difference in concentration of H2O2 for the simulation without 
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thermal ROOOH decomposition and the DEFAULT simulation. The reaction rate coefficient for reaction (S13) 

applied in the simulations was 5.1	´	10-11 cm3 molecules-1 s-1. The deviations were calculated by subtracting the 

modeled concentrations from the simulations with included ROOOH chemistry by the DEFAULT simulation. 

The percentage differences were calculated by dividing deviations by the concentration of the DEFAULT 

simulation. 
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S3.  Hydrotrioxide formation mechanisms 

Signals consistent with hydrotrioxide (ROOOH) formation have been observed in two different experimental 

setups from different parent molecules. For some, the experimentally measured mass may correspond to different 

isomers. In this section, we show proposed formation mechanisms of hydrotrioxides corresponding to the 

experimentally observed signals from the reactions of OH radicals with trimethylamine (TMA), isoprene, 

α-pinene, dimethyl sulfide (DMS), 1-butene, and 2-methylpropene. Most mechanisms show only the dominant 

oxidation pathways for simplicity. The ROOOHs that match the experimentally observed masses are marked in 

red. The ROOOHs with a mass that was not experimentally detected are marked in light gray. The ROOOHs 

that have been further studied theoretically (see Section S4) are marked in a solid box. A hydrogen migration 

(isomerization) that spans n nonhydrogen atoms is referred to as 1,n H-shift. A cyclization reaction that forms a 

n-membered ring is referred to as a n-cyc reaction. 

 

Trimethylamine (TMA) 

The hydrotrioxide formation mechanism following the OH + TMA reaction is shown in Fig. S26. The reaction 

rate coefficients for the three unimolecular 1,5 H-shift reactions are adopted from a previous study using multi-

conformer transition state theory (MC-TST) at the ROCCSD(T)-F12a/VDZ-F12 level. (10) The first and second 

1,5 H-shift reactions are about a factor of 60 and 10 faster than the last 1,5 H-shift, respectively. We only 

observed the signal corresponding to the last generation ROOOH (Fig. S26, red) in our experiments. The 

ROOOH formation from the first two generation RO2 radicals (Fig. S26, gray) cannot compete with the fast 

H-shift reactions. With the steady-state OH radical concentrations of about 5 ´ 106 – 7 ´ 107 molecules cm-3 

under the TROPOS experimental conditions and the RO2 + OH reaction rate coefficient of about 10-10 cm3 

molecule-1 s-1, we estimated the pseudo first-order rate coefficient of the RO2 + OH reaction, 𝑘~ = 𝑘(𝑅𝑂H +

𝑂𝐻) × [𝑂𝐻], to be about 0.0005 – 0.007 s-1.  



 S46 

 

Fig. S26. Hydrotrioxide formation from the OH + TMA reaction. The ROOOH observed in our experiment 

is marked in red and labelled III. Compounds marked I, II and IV are also observed in the experiment (Fig. 2).  
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Isoprene 

The possible first-generation hydrotrioxide formation mechanism from 1,2 addition in the OH + isoprene 

reaction is shown in Fig. S27. The cis structure of 1,4 addition (Fig. S27) leads to higher oxidized RO2 radicals 

after a 1,6 H-shift and subsequent reactions (Fig. S28). The 1,6 H-shift reaction rate coefficient of 0.4 s-1 in 

Fig. S28 is adopted from a previous experimental study. (18)  

 

Fig. S27. First-generation hydrotrioxide (HO-C5H8OOOH) formation from OH + isoprene. A likely 

structure of the HO-C5H8OOOH observed in our experiment is marked in red. Other competing RO2 formations 

and subsequent radical reactions are not shown for simplicity. Possible subsequent reactions of the radical in the 

circle are shown in Fig. S28. 

 

The possible second-generation hydrotrioxide formation mechanism following the OH + isoprene reaction is 

shown in Fig. S28. (18) The 1,6 enolic H-shift reaction rate coefficient of 106 s-1 in Fig. S28 is adopted from 

previous theoretical calculations (53) and the two rate coefficients of the 1,4 H-shift with HO2 loss (k > 102 s-1) 

are estimated based on existing experimental studies. (54) Considering these fast loss rates of the RO2 radicals 

formed through the top, bottom and right O2 addition channels, the RO2 formed through the O2 addition channel 

on the left side is likely to have the longest lifetime, thus leading to ROOOH formation. The 1,6 H-shift between 

the two peroxy groups (Fig. S28, green) is known to be very fast and the equilibrium is reached within 10-4 s. 

(12) We have performed conformer sampling (see Section S4.1) and calculated the relative energy of the two 

RO2 radicals marked in green in Fig. S28 at the M06-2X/aug-cc-pVTZ level. The lowest energy conformer of 

the RO2 radical on the right is about 1 kcal mol-1 more stable than the one on the left, thus the ROOOH formation 

from the RO2 radical on the right is likely to contribute more to the experimentally observed signal of 

HO-C5H8(O2)OOOH (see Fig. 4 in the main text). 
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Fig. S28. Second-generation hydrotrioxide (HO-C5H8(O2)OOOH) formation from OH + isoprene. The 

radical in the circle is the same radical given in Fig. S27. The closed-shell products in blue have previously been 

observed experimentally. (9) The RO2 formed through the O2 addition channel on the left (green) likely has the 

longest lifetime, thus most likely forming the observed ROOOH by OH addition. The most likely structures of 

HO-C5H8(O2)OOOH observed in our experiment are marked in red. Other competing RO2 radical reactions are 

not shown for simplicity. 

 

  



 S49 

α-Pinene 

The possible hydrotrioxide formation mechanism from the OH-addition channel of the OH + α-pinene reaction 

is shown in Fig. S29. The 1,5 H-shift and 1,6 H-shift reaction rate coefficients are adopted from previous 

theoretical studies. (55, 56) The rate coefficient for the 6-cyclization (forming a 6-membered ring) reaction is 

estimated from a similar reaction. (55) The rate coefficient of the 1,4-H shift with HO2 loss (Fig. S29, blue) is 

estimated based on previous experimental studies. (54) The first-generation hydrotrioxides HO-C10H16OOOH 

have 4 possible stereoisomers and only one of them is shown. No significant signal of the corresponding second-

generation HO-C10H16(O2)OOOH (Fig. S29, gray) is observed in our experiment due to the relatively high 

background at its expected mass and the generally low hydrotrioxide concentrations in the experiments. The 

third generation hydrotrioxides HO-C10H16(O2)2-OOOH have 8 possible stereoisomers and only the lowest 

energy isomer calculated at the B3LYP/6-31+G(d) level is shown and further studied.  

 

Fig. S29. Hydrotrioxide formation from OH + α-pinene. The likely structure of the first and third generation 

ROOOH observed in our experiment are marked in red. Other competing RO2 radical reactions are not shown 

for simplicity.  
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Dimethyl sulfide (DMS) 

The hydrotrioxide HOOCH2SCH2OOOH formation mechanism from the OH + DMS H-abstraction channel is 

shown in Fig. S31. The two 1,5 H-shift rate coefficients are theoretical values adopted from a previous study. 

(10) The theoretical rate coefficient of the first 1,5 H-shift reaction in CH3SCH2O2 (0.06 s-1 at 298.15 K) is in 

reasonable agreement with the experimental values of 0.23 ± 0.12 s-1 at 295 ± 2 K (41) and about 0.09 s-1 

(0.03 - 0.3 s-1, 1σg, geometric standard deviation) at 293 K. (57) The experimentally observed 

HOOCH2SCH2OOOH signal strength at the highest OH radical concentration, with [OH] ~7 ´ 107 molecules 

cm-3, is about 1/100 of the signal strength of HOOCH2SCHO representing the closed-shell product of the second 

1,5 H-shift reaction, see Fig. S31. This product ratio is in general agreement with the ratio between the calculated 

rate coefficient of the second 1,5 H-shift (0.58 s-1) and the estimated pseudo-first-order ROOOH formation rate 

coefficient k(RO2+OH) ´ [OH] of ~ 0.007 s-1 assuming k(RO2+OH) ~10-10 cm3 molecule-1 s-1. A signal of the 

possible CH3SCH2OOOH was not observed, likely due to the expected low detection sensitivity of this product. 

 

 

Fig. S30. Hydrotrioxide formation from the OH + DMS hydrogen abstraction channel. 
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1-Butene 

The dominant hydrotrioxide formation mechanism of HO-C4H8OOOH from the OH + 1-butene addition channel 

is shown in Fig. S31. The corresponding signal of the hydrotrioxide HO-C4H8OOOH is observed in our 

experiment. 

 

 

Fig. S31. Hydrotrioxide formation from the OH + 1-butene reaction. 

 

 

2-Methylpropene 

The hydrotrioxide formation mechanism of HO-CH2C(CH3)2OOOH from the OH + 2-methylpropene reaction 

with OH attack in terminal position is shown in Fig. S32. This ROOOH (Fig. S32, red) is observed in the Caltech 

experimental setup (see section S1.7). The rate coefficients for the three possible unimolecular reactions of the 

peroxy radical HO-CH2C(CH3)2OO have been calculated theoretically to be smaller than 10-4 s-1. (58) Under the 

Caltech experimental condition with an OH concentration of about 107 molecule cm-3, these slow unimolecular 

reactions cannot compete with the OH addition reaction (assuming k(RO2+OH) ~10-10 cm3 molecule-1 s-1), and 

the ROOOH formation route is dominant. 

 

 

Fig. S32. Hydrotrioxide formation from the OH + 2-methylpropene reaction. The hydrotrioxide HO-

CH2C(CH3)2OOOH was observed in the Caltech experiments as described in section S1.7.  
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S4.  Computational details 

S4.1. Conformer sampling 

The formation and decomposition energies of selected hydrotrioxides are calculated from the relative energy 

between the reactant RO2 + OH, the ROOOH, and the decomposition products RO + HO2 (see Fig. 3 in the main 

text). A conformer sampling process has been carried out to ensure the lowest energy conformer is found for 

each RO, RO2, and ROOOH for calculation of these energies.  

The conformer sampling is based on the procedure described previously. (59) Briefly, conformers are generated 

by rotating each dihedral angle in the structure 3 times and 120° each time. The generated conformers are pre-

optimized in Spartan’18 using MMFF. (60) For radicals, a neutral charge was enforced on the radical atom. The 

obtained conformers are then optimized at the B3LYP/6-31+G(d) level in Gaussian 16, rev. C01. (61) 

Conformers with a zero-point vibrational corrected electronic energy (E+ZPVE) more than 2 kcal mol-1 above 

the lowest energy conformer were excluded from further calculations. The conformers within the 2 kcal mol-1 

cut-off were subsequently optimized at the M06-2X/aug-cc-pVTZ level (referred to as M06-2X) and the ωB97X-

D/aug-cc-pVTZ level (referred to as ωB97X-D).  

The conformers with the lowest zero-point vibrational corrected electronic energies (E+ZPVE) calculated at the 

M06-2X level are shown in Table S3. The conformer geometries calculated at the ωB97X-D level are nearly 

identical to the ones obtained from the M06-2X level calculations. 

 

Table S3. The lowest energy (electronic + ZPVE) conformers of each ROOOH and the corresponding ROO and 

RO radicals optimized at the M06-2X/aug-cc-pVTZ level. 

Hydrotrioxide 
Lowest energy conformer 

ROO ROOOH RO 

 

- 
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S4.2. Thermal stability of hydrotrioxides 

The accuracy of the results from a calculation depends on both the reliability of the method and the quality of 

the basis set. We want to calculate the formation and decomposition energies of the hydrotrioxides, which 

involves a peroxy radical (RO2), the hydroxyl radical (OH), an alkoxy radical (RO), the hydroperoxyl radical 

(HO2), and the hydrotrioxide (ROOOH) itself. Radical species are difficult to describe accurately at a relatively 

low level of theory, and no systematic computational tests have been reported for hydrotrioxides. More 

importantly, the formation and decomposition of the hydrotrioxide both involve two radicals. The process of 

two radicals combining to form a closed-shell product, or reversely, the breaking of a covalent bond in a closed-

shell molecule forming two radicals is known to be spin-entangled. For such a system, the regular single 

reference methods based on only one slater-determinant are known to fail and multi-reference methods are 

needed. However, the multi-reference methods are generally computational-resource demanding which greatly 

limits the size of the systems that can be studied with those methods.  

Therefore, we first tested the basis set convergence of the species involve in the formation and decomposition 

of CH3OOOH and showed that the reaction energies are reasonably converged with the aug-cc-pVTZ basis set. 

Secondly, we studied the dissociation process of three small systems (HOOH, HOOOH, and CH3OOOH) using 

the multireference configuration interaction (MRCI) and complete active space second-order perturbation theory 

(CASPT2). We found that the reaction barrier, Ea=ETS-EROOOH, calculated from the transition state and reactant, 

is very close to the decomposition energy, Ed=ERO+EHO2-EROOOH, calculated from the energy difference between 

the reactant and the products. Subsequently, the multireference decomposition energies, Ed, are compared to 

those calculated with the single reference methods, e.g., density functional theory (DFT) and coupled cluster 

(CC), to estimate the uncertainty of these methods, which are applicable to the larger species studied here. Finally, 

the decomposition energies for the larger atmospherically relevant hydrotrioxides are calculated at the DFT and, 

when possible, CC levels. 

Complete basis set limit extrapolation 

We calculated the electronic energy of the species involved in the formation and decomposition of CH3OOOH 

at the UCCSD(T) level using three basis sets with increasing order of ζ (Fig. S33). From that, we have 

extrapolated the decomposition energy of CH3OOOH to the complete basis set (CBS) limit (Table S4). Single 

point energies on the UCCSD(T)/aug-cc-pVTZ optimized geometry was calculated with the aug-cc-pVDZ, aug-

cc-pVTZ and aug-cc-pVQZ basis set at the UCCSD(T) level of theory, and the obtained energies were fit to the 

equation: 

𝐸 = 𝐸� + 𝐵𝑒E�� (S17) 
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where 𝐸 is the energy calculated with the aug-cc-pVDZ (ζ=2), aug-cc-pVTZ (ζ=3) and aug-cc-pVQZ (ζ=4) basis 

sets, 𝐸� obtained from the fit is the energy at CBS limit, and 𝐵 and 𝛼 are the fitting parameters. 

 

As expected, the absolute energy of each species (CH3O, CH3OO, CH3OOOH, OH and OOH) decreases with 

increasing basis set. The energy of a larger species decreases more rapidly. The decomposition energy (Ed=EOOH 

+ ECH3O – ECH3OOOH) increases with increasing basis set, however, the effect is minor from aug-cc-pVTZ to aug-

cc-pVQZ. (Fig. S33). 

 

Fig. S33. Basis set convergence of (a) the energy of different species and (b) the decomposition energy for 

CH3COOOH.  

 

The CBS fitting results for the different species are shown in Table S4. The decomposition energy, Ed, increases 

by about 2.8 kcal mol-1 with the increase of ζ from 2 to 3. Further increasing ζ to 4 only leads to an increase of 

Ed by about 0.06 kcal mol-1. The Ed calculated from the CBS limit is almost identical to the ζ=4 result and thus 

only about 0.06 kcal mol-1 higher than the ζ=3 result. Therefore, the aug-cc-pVTZ (ζ=3) basis is used in the 

following study. 
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Table S4. The absolute energies (E in a.u.) and decomposition energies (Ed in kcal mol-1) calculated at the 
UCCSD(T) level. 

 CH3O CH3OO CH3OOOH OH OOH Ed 

E(ζ=2) -114.784688 -189.797525 -265.430565 -75.583974 -150.599941 28.8242 

E(ζ=3) -114.885101 -189.961205 -265.661623 -75.645537 -150.726172 31.5946 

E(ζ=4) -114.913929 -190.009271 -265.729507 -75.664450 -150.765138 31.6512 

E(CBS) -114.913948 -190.009303 -265.729552 -75.664463 -150.765166 31.6505 

B (a.u.) 1.7085 2.6868 3.7910 0.9420 1.9159 
- 

α 1.2478 1.2253 1.2249 1.1805 1.1753 

 

Multireference calculations 

The multireference calculations were performed using the MOLPRO2020.1 package. (62) The geometries were 

first optimized at the CASSCF level, then an MRCI or CASPT2 level single point calculation was performed on 

the CASSCF level geometry using the CASSCF orbitals. For the CASSCF level optimized stationary points, 

frequency analysis was also performed to ensure the optimized stationary points are real minima or TSs on the 

potential surface. During the CASSCF calculations, the orbital coefficients of the core orbitals were also 

optimized (no frozen core approximation). For the subsequent single point MRCI and CASPT2 calculations, the 

same active space as for the CASSCF calculations was used. For the MRCI calculations, the orbitals in the active 

space are fully correlated (full-CI) and the orbitals outside the active space are correlated by only single and 

double excitations (MRCISD). The RS2C keyword is used for the CASPT2 calculations. The multireference 

calculations are compared with the CC calculations. The unrestricted coupled-cluster method with iterative 

inclusion of single and double excitations and perturbative inclusion of triple excitations [UCCSD(T)] level 

energies are calculated by doing both geometries optimizations and frequency analysis at the same level. All 

calculations were performed with the aug-cc-pVTZ basis set. Energies in this section refer to electronic energies 

unless otherwise stated. 

The calculated dissociation potential of HOOH → 2OH is shown in Fig. S34. The geometry of HOOH was 

optimized at the full valence [14e,10o]-CASSCF/aug-cc-pVTZ level followed by frequency analysis. 

Subsequently, we performed a CASSCF level relaxed scan of the O-O bond length from the equilibrium length 

of 1.48 Å to 5.08 Å with a step size of 0.20 Å (Fig. S34, green line). The saddle point on the dissociation surface 

was found at an O-O distance of 2.88 Å, which was further optimized as a transition state (i140.5 cm-1) at the 

same level and marked with a green square. The depression at 3.28 Å on the dissociation surface corresponds to 

the formation of an OH-OH hydrogen-bonded complex. The MRCI and CASPT2 calculations are single-point 
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calculations on the CASSCF optimized geometries with the same [14e,10o] active space (Fig. S34, gray and 

orange, including the TSs). The MRCI level reaction barrier, Ea=ETS-EHOOH, is 49.3 kcal mol-1 and the CASPT2 

reaction barrier is 1.6 kcal mol-1 lower than the MRCI value. The decomposition energy, Ed, is 51.9 kcal mol-1 

and 49.3 kcal mol-1 calculated from the O-O distance at 5.08 Å at the MRCI and CASPT2 levels, respectively. 

The values agree well with the UCCSD(T) level decomposition energy of 52.2 kcal mol-1 calculated by (2 × EOH) 

- EHOOH. 

 

Fig. S34. The dissociation potential of HOOH calculated at the CASSCF, the MRCI, and the CASPT2 

levels with the aug-cc-pVTZ basis set. The full valence [14e, 10o] active space was used for all multireference 

calculations. The step size for the scan is 0.2 Å. Solid squares and diamond are described in the text. 
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The calculated dissociation potentials of HOOOH → HO + OOH are shown in Fig. S35. The calculations were 

performed in the same manner as for the HOOH dissociation and the full valence [20e,14o] active space for 

HOOOH was used. The CASSCF level TS was obtained at an O-O distance of 2.85 Å with an imaginary 

frequency of i134.5 cm-1 (Fig. S35, green square). Similar to the dissociation of HOOH, a depression at around 

3 Å corresponding to the hydrogen-bonded product complex HO-HOO is observed for HOOOH dissociation. 

The reaction barrier, Ea=ETS-EHOOOH, is 32.2 kcal mol-1 at the MRCI level and 29.9 kcal mol-1 at the CASPT2 

level. The decomposition energy calculated from the point at an O-O distance of 5.08 Å is 34.2 kcal mol-1 and 

32.2 kcal mol-1 at the MRCI and CASPT2 levels, respectively. The UCCSD(T) level decomposition energy is 

35.5 kcal mol-1.  

 

Fig. S35. The dissociation potential of HOOOH calculated at the CASSCF, the MRCI, and the CASPT2 

levels with the aug-cc-pVTZ basis set. The full valence [20e, 14o] active space was used for all multireference 

calculations. The step size for the scan is 0.2 Å. Solid squares and diamond are described in the text. 

 

The calculated dissociation potential of CH3OOOH → CH3 + OOH is shown in Fig. S36. The full valence 

[26e,20o] active space calculation for CH3OOOH cannot be achieved with our computational resources. Instead, 

the [14e,12o] active space which included all the p orbitals on the carbon and oxygen atoms is used. The TS is 
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again, the hydrogen-bonded complex formation between the dissociation products. The [14e,12o]-MRCI 

calculation is too memory consuming with our computational resources, thus only the [14e,12o]-CASPT2 single 

points were run. The reaction barrier, Ea, for CH3OOOH at the CASPT2 level is 26.1 kcal mol-1 and the 

decomposition energy calculated from the point at an O-O distance of 7.03 Å is 28.3 kcal mol-1. The 

decomposition energy calculated at the UCCSD(T) level is 2.3 kcal mol-1 higher than the CASPT2 value. 

 

 

Fig. S36. The dissociation potential of CH3OOOH calculated at the CASSCF, and CASPT2 levels with the 

aug-cc-pVTZ basis set. The [14e,12o] active space was used for all multireference calculations. The step size 

for the scan is 0.2 Å. Solid squares and diamond are described in the text. 

 

Some overall trends can be observed for these three small test systems. First of all, the Ea and Ed values at the 

CASPT2 level are generally about 1-2 kcal mol-1 smaller than the values obtained at the MRCI level. We would 

consider the MRCI values more reliable than the CASPT2 ones, as the dynamic correlation energy at the 

CASPT2 level is obtained from the second order perturbation while the MRCI calculation we performed is a full 

CI in the active space and CISD for the other orbitals. Secondly, the decomposition energy, Ed, calculated at the 

MRCI from a finite (~5 Å) O-O distance is about 1-2 kcal mol-1 lower than the UCCSD(T) values. This difference 

is mainly due to the difference between the levels of theory and the incomplete dissociation at the MRCI potential 

surface. Finally, the difference between the reaction barrier, Ea, and the decomposition energy, Ed, obtained at 

the same level of theory is less than 2 kcal mol-1. Therefore, by calculating the decomposition energy, it is 
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possible to estimate the reaction barrier and thus estimate the thermal stability of a hydrotrioxide. These tested 

small systems provide a valuable benchmark. 

Comparison of different methods 

We have shown that the decomposition energy calculated at the UCCSD(T) and MRCI levels are in reasonable 

agreement. However, the computational costs of UCCSD(T) and MRCI increases steeply with the system size 

and these methods are not possible for the larger atmospherically relevant ROOOHs with our computational 

resources. Therefore, we performed a benchmark test including some of the most popular DFT methods as well 

as the explicitly correlated (F12) coupled-cluster approach which converges faster with basis set size than the 

CCSD(T) method. The results obtained at different levels are compared to the UCCSD(T) values. The UCCSD(T) 

level results are calculated with the geometries also optimized at the same level. The ROCCSD(T)-F12a (RF12) 

and UCCSD(T)-F12a (UF12) energies are single-point calculations performed on the M06-2X level optimized 

geometries. All DFT level energies are obtained with the geometry optimization at the corresponding level. For 

open shell systems, unrestricted DFT is used. The RF12 and UF12 calculations are performed with the VDZ-

F12 basis set and the other level calculations are performed with the aug-cc-pVTZ basis set (aug-cc-pV(T+d)Z 

for S atom). 

 

In Table S5, we show the differences in decomposition energy, Ed, calculated at different levels of theories 

compared to the UCCSD(T) results for 4 reactions. The DFT methods perform differently on different types of 

reactions. Most DFT methods overestimate the decomposition energy of H2O2 but underestimate the ROOOH 

decomposition energy, except for the two MN15 series functionals, which overestimated all decomposition 

energies. The functionals ωB97X-D, CAM-B3LYP, B3LYP, M11, and MN12-SX underestimate the ROOOH 

decomposition energy by roughly 6 kcal mol-1. Among the tested DFT functionals, the M06-2X agrees with the 

UCCSD(T) result the best and the differences are within 1 kcal mol-1. The results from the F12 methods generally 

agree with the UCCSD(T) results reasonably well, with the UF12 results slightly better than the RF12 as 

expected since we are benchmark against an unrestricted method. 
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Table S5. Calculated decomposition energies (electronic energies in kcal mol-1) with different electronic 

structure methods compared with the UCCSD(T)/aug-cc-pVTZ results for reactions i-iv shown below the table.  

Method 
Basis set Reaction 

i ii iii iv 

ωB97X-D aVTZ 0.725 -2.435 -5.280 -3.432 

M06-2X 1.773 0.383 -0.537 -0.452 

M06 0.569 -0.688 -3.222 -1.389 

MN15 4.011 2.127 0.537 1.489 

MN15-L 2.002 3.386 2.018 3.013 

CAM-B3LYP -0.290 -2.855 -5.499 -4.084 

B3LYP -1.539 -3.837 -7.176 -5.201 

M08-HX 2.306 0.030 -1.727 -0.711 

M11 2.398 -0.596 -6.876 -5.869 

MN12-SX 2.482 1.872 -4.100 -1.708 

MRCI# -0.603 -1.296 - - 

CASPT2# -1.867 -3.328 -2.300 - 

RF12//M06-2X VDZ-F12 1.411 1.125 1.517 0.728 

UF12//M06-2X 1.282 0.607 0.876 0.066 

RCCSD(T)//M06-2X aVTZ -0.189 0.313 1.250 -0.961 

UCCSD(T) 0.000 0.000 0.000 0.000 

i. HOOH → 2 OH ii. HOOOH → HO + OOH 
iii. CH3OOOH → CH3O + OOH iv. CH3OOOH → CH3OO + OH  
# The active spaces and other details of the multireference calculations are explained in the 
“Multireference calculations” section 

 

Based on these benchmark results, we performed the calculations for the formation and decomposition energies 

for the hydrotrioxides with the M06-2X functional. The conformer with the lowest zero-point vibrational 
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corrected electronic energy (E+ZPVE) at the M06-2X level (see section S4.1) is used for calculating the 

formation and decomposition energies. The calculations were also performed at the ωB97X-D level for 

comparison. For the smaller hydrotrioxides, a UF12 level single-point calculation was also performed on the 

M06-2X level lowest energy conformer. The formation and decomposition energies at the UF12 level are 

calculated using the UF12 level electronic energy and the M06-2X level ZPVE. 

 

Calculated ROOOH formation and decomposition energies 

The calculated formation energies [Ef = EROOOH – (EROO + EOH)] and decomposition energies [Ed = (ERO + EOOH) 

– EROOOH] for several atmospherically-relevant hydrotrioxides including those observed experimentally in this 

study are shown in Table S6. As expected from the benchmark test in Table S5, for all studied systems, the 

difference between Ef calculated at the M06-2X and UF12 levels is less than 1 kcal mol-1 and the values at the 

ωB97X-D level are about 3 kcal mol-1 lower than the M06-2X level values. The differences between Ed 

calculated at the M06-2X and UF12 levels are about 1 kcal mol-1, while the ωB97X-D level values are generally 

5-6 kcal mol-1 lower than the M06-2X level values.  

 

Table S6. The formation energy (Ef) and the decomposition energy (Ed) for the atmospherically relevant 

hydrotrioxides calculated at the ωB97X-D/aug-cc-pVTZ level, the M06-2X/aug-cc-pVTZ level and the M06-

2X level with a UCCSD(T)-F12a/VDZ-F12 single-point energy correction. 

ROOOH structure 
Method ωB97X-D M06-2X UCCSD(T)-

F12a//M06-2X 

Parent compound 
E+ZPVE [kcal mol-1] 

Ef Ed Ef Ed Ef Ed 

 

H2O2 46.7 47.7 47.2 

 

HOOOH 28.0 30.7 30.9 

 

CH3OOOH -26.7 20.1 -29.6 24.4 -30.1 25.8 

 

Butane -26.0 21.1 -28.8 26.0 -29.6 27.4 
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1-Butene -26.5 20.0 -29.4 25.3 -30.3 26.4 

 

DMS -29.7 19.5 -33.2 25.4 -33.0 25.3 

 

TMA -31.7 24.3 -34.8 28.9 -35.0 30.0 

 

2-Methylpropene -26.3 21.3 -29.5 26.5 -30.1 26.0 

 

Isoprene 

-27.2 21.1 -30.2 26.2 -30.9 27.2 

 

-26.4 18.8 -29.2 24.6 

These 

calculations 

cannot be 

achieved with 

our 

computational 

resources. 

 

-28.2 18.0 -31.2 24.1 

 

α-Pinene -24.0 20.5 -26.9 23.6 
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-27.1 22.1 -30.1 27.2 

 

-26.8 21.5 -29.5 26.4 

 

As shown in Table S5 and Table S6, the decomposition energies of the hydrotrioxides at different levels of 

theory have fairly large differences. However, the trend in decomposition energies between different ROOOHs 

is similar at the different levels of theory (Fig. S37), for example, the decomposition energies of the ROOOH 

formed from TMA oxidation and HOOOH are significantly higher than of the other ROOOHs studied.  

 

Fig. S37. The thermal decomposition energies of ROOOHs calculated at different levels of theory. The 

parent compounds of the hydrotrioxides are given on the x-axis. Zero-point vibrational energy corrected 

electronic energies are shown; g1, g2 and g3 represent the first, second and third generation products. 
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Based on the multireference benchmark results for HOOH, HOOOH and CH3OOOH, it seems reasonable to 

assume that the decomposition energy, Ed, of a hydrotrioxide is close to the decomposition reaction barrier, Ea. 

Within transition state theory, the reaction rate coefficient depends exponentially on the reaction barrier and the 

decomposition lifetime is inversely proportional to this rate coefficient.  

The lifetime of the ROOOH formed by the OH-initiated oxidation of 2-methylpropene in the Caltech chamber 

experiment was determined to be about 20 min (see Section S1.7). This lifetime includes any loss of 

hydrotrioxide, in particular surface reactions on the chamber walls. Thus, 20 min is a lower limit of the gas-

phase thermal lifetime of the ROOOH formed in the 2-methylpropene + OH oxidation (Fig. S32). If we compare 

the decomposition energies for hydrotrioxides that could be calculated at our highest level (UCCSD(T)-F12a), 

we see that they all have decomposition energies that are close to or higher than that of the hydrotrioxide formed 

from 2-methylpropene. Hence, we would expect these hydrotrioxides to have longer decomposition lifetimes 

than the 20 min. observed for the 2-methylpropene derived hydrotrioxide. One extreme is the ROOOH formed 

in the TMA+OH reaction, which has a barrier that is approx. 4 kcal mol-1 higher, which would lead to a thermal 

decomposition lifetime at 298K in the order of 5-10 days. For the other larger isoprene and α-pinene derived 

hydrotrioxides, their thermal decomposition lifetimes are comparable to the ROOOH formed through 2-

methylpropene + OH and thermal lifetimes are expected to be similar.  
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S4.3. Photostability of hydrotrioxides 

In addition to the thermal stability, we also investigate the photostability of ROOOHs. The electronic transitions 

of the hydrotrioxides are calculated with the time-dependent density functional theory (TD-DFT) calculations. 

We performed TD-DFT single point calculations on the lowest energy conformer of the hydrotrioxide at the 

M06-2X and ωB97X-D levels. For each hydrotrioxide, the first 20 singlet-singlet and singlet-triplet vertical 

excitations are calculated. No spin-orbit coupling was included thus all singlet-triplet transitions have 0 intensity 

in the calculation. All TD-DFT calculations were run with the Gaussian16 package. 

The first singlet to singlet (S0-S1) and singlet to triplet (S0-T1) vertical excitation energies of the hydrotrioxides 

calculated at the M06-2X and the ωB97X-D level are shown in Table S7. The first singlet to singlet (S0-S1) 

transition of most ROOOHs are about 200 nm, except for the third generation ROOOH formed from isoprene + 

OH which has an S0-S1 transition of ~300 nm due to its -C=O functional group. The first singlet to triplet (S0-T1) 

transition is about 40 nm lower in wavelength than the S0-S1 transition for the studied ROOOHs.  

We calculated the photolysis rate, J, of the third generation ROOOH formed from isoprene + OH which absorbs 

at significantly longer wavelengths than the other studied hydrotrioxides (Table S7) and thus is most likely to 

undergo photolysis in Earth’s atmosphere. The photolysis rate, J, is calculated based on the wavelength 𝜆, and 

oscillator strength, f, of the first 10 S0-S1 electronic transitions (300 - 170 nm) using the equation: 

𝐽 = �𝜎�,�𝜑�,�𝐹�,� 𝑑𝜆 (S18) 

Where 𝜎�,� is the cross section of the molecule calculated from the oscillator strength and 𝜑�,� is the quantum 

yield of photolysis of the molecule, which is both a function of the temperature, T, and wavelength, 𝜆. 𝐹�,� is 

the actinic flux as a function of the temperature, T, and the solar zenith angle, ϴ. The actinic flux, 𝐹�,� , at 

different altitudes (ϴ = 0, equatorial region, 298.15K) is obtained from the TUV model (49) and the quantum 

yield, 𝜑�,� , is assumed to be 1, to provide an upper limit. The absorption spectrum from the electronic transitions 

is simulated using a Gaussian band shape with a full width at half maximum of 4000 cm-1 for each transition.  

 

The photolysis rate, J, of the third generation ROOOH formed from isoprene + OH is calculated to be 1.8 × 10-5 

s-1 at 0 km altitude and 3.9 × 10-5 s-1 at 20 km altitude, which corresponds to an atmospheric lifetime with respect 

to photodissociation of 15 hours and 8 hours, respectively. For the other studied hydrotrioxides, the photolysis 

rate is smaller than 10-9 s-1 below 20 km altitude and will not be important for the atmospheric lifetime. 
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Table S7. The lowest singlet to singlet (S0-S1) and singlet to triplet (S0-T1) vertical excitation energies of 

hydrotrioxides calculated with TD-DFT using the M06-2X and ωB97X-D functionals. 

Parent 
compound Structure 

Vertical excitation energies [nm] 
M06-2X ωB97X-D 

S0-S1 S0-T1 S0-S1 S0-T1 

HOOOH  190.7 229.4 188.1 233.0 

CH3OOOH  190.2 227.6 188.1 232.0 

Butane 

 

192.3 229.5 190.5 233.8 

1-Butene 

 

194.7 235.0 194.1 242.8 

DMS 

 

215.3 234.5 200.1 237.3 

Isoprene 

 

192.4 269.5 191.7 293.5 

 

217.2 287.3 214.2 306.5 

 

297.7 334.7 281.6 324.6 
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α-Pinene 

 

194.5 234.4 197.6 245.8 

 

225.7 285.8 217.5 310.2 

 

211.8 250.6 204.0 247.8 

TMA 

 

203.3 244.2 195.0 239.3 

2-Methyl- 
propene 

 

194.7 234.9 194.2 241.3 

 

 

To assess the possibility of vibrational overtone pumping (63) of the OH-stretch as a means for dissociation of 

the hydrotrioxides, we have calculated the transition wavenumbers and oscillator strengths of the OH-stretching 

transitions in CH3OOOH (Table S8). The values for Δv = 1-5 have been calculated numerically using a local 

mode approach based on 27 single-point calculations for OH bond lengths displacements of -0.4 Å to 0.9 Å from 

the optimized value at the B3LYP/aug-cc-pVTZ level. (64) For comparison, the values for Δv = 1-2 have also 

been calculated using second-order vibrational perturbation theory (VPT2) as implemented in Gaussian 16. For 

the two frequencies where the calculations overlap, good agreement is observed for both the transition 

wavenumbers and oscillator strengths. 
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Table S8. Transition wavenumbers, 𝜈�  and oscillator strengths, f, for the OH-stretching transitions in 

CH3COOOH calculated using a 1D local mode model and the VPT2 method both at the B3LYP/aug-cc-pVTZ 

level. 

 1D local mode VPT2 

Δv 𝜈�	(𝑐𝑚Ej) f 𝜈�	(𝑐𝑚Ej) f 

1 3541 5.47× 10El 3531 5.26× 10El 

2 6918 1.01× 10El 6893 1.02× 10El 

3 10131 5.84× 10E� - - 

4 13185 3.81× 10E� - - 

5 16083 3.64× 10EjZ - - 

 

The UCCSD(T)-F12a/VDZ-F12 dissociation energy of CH3OOOH is 25.8 kcal mol-1 (Table S6) corresponding 

to 9024 cm-1 and the other hydrotrioxides have comparable dissociation energies. Thus, the Δv = 3 transition 

provides enough energy to dissociate the hydrotrioxide. This transition has a calculated oscillator strength of 

5.84×10-8.  

 

We calculated the photolysis rate, J, of CH3OOOH based on the calculated Δv = 3 vibrational transition 

wavenumbers, 𝜈� and oscillator strength, f, based on equation S18. The vibrational band is simulated using a 

Gaussian band shape with a full width at half maximum of 100 cm-1 and we assume the quantum yield, 𝜑�,�, to 

be 1 to provide an upper limit. The photolysis rate of CH3OOOH via overtone pumping at 0 km altitude and 

20 km altitude is calculated to be 1.5 ×10-6 s-1 and 1.8 ×10-6 s-1, respectively. Thus, the atmospheric lifetime of 

the hydrotrioxides towards photodissociation by overtone pumping is on the order of 5-10 days. Compared to 

other pathways, this is thus negligible. 

 

In summary, we expect no significant photolysis of the hydrotrioxides from either electronic transitions or 

vibrational overtone pumping in the troposphere, except for the third generation ROOOH formed from isoprene 

+ OH.  
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S4.4. OH + isoprene: Addition to the double bond and hydrotrioxide formation  

Addition of OH and O2 to isoprene forms different isomers of the unsaturated peroxy radical ISOPOO, as 

exemplified in Fig. S38 for OH addition at the 1-position in isoprene. A number of possible reactions including 

interconversion via loss of O2 complicate the dynamics of these peroxy radicals. (18) In addition to the OH 

addition to the terminal oxygen atom of the peroxy (RO2) to form the hydrotrioxide, OH could react by addition 

to the double bond to form a hydroxy peroxy alkyl diradical (Fig. S38). H-abstraction is assumed to be negligible. 

 

Fig. S38. Simplified route from isoprene to the isoprene-derived hydrotrioxides or hydroxy peroxy alkyl 

diradicals for addition to the 1-position in isoprene. The dominant route is given in red.  
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To assess the competition between addition to the double bond and the peroxy radical center, multireference 

calculations were performed for OH-addition to the terminal C of the double bond or to the peroxy radical in 

1-OH-β ISOPOO.  

For the diradical formation pathway, we first optimized the diradical with a [4e,4o] active space including the 

bonding and antibonding orbitals of the formed C-O bond and two radical orbitals at the CASSCF/cc-pVDZ 

level as a singlet. Then a relaxed scan was performed on the C-O bond from the equilibrium bond length of 

1.43 Å to 10 Å at the same level. Subsequently, MRCI/cc-pVDZ level single points with the same active space 

were performed on the CASSCF level optimized scan steps. The same approach was used for the diradical 

formation on the triplet surfaces. The active spaces used for the diradical on the singlet and triplet surfaces are 

shown in Fig. S39. 

 

Fig. S39. The orbitals in the [4e,4o] active space used for the diradical formation on the singlet and triplet 

surfaces. The bonding and antibonding orbitals of the C-O bond are the same for both singlet and triplet. For 

the 2 singly occupied radical orbitals, the singlet state has the orbitals delocalized over both carbon and the 

peroxy oxygen atoms while the triplet state has the orbitals either localized on the carbon atom or the peroxy 

oxygen atom. 

 

The orbital transformation of the 4 orbitals in the active space during the diradical formation on the singlet 

surface is shown in Fig. S40. The preexisting peroxy radical orbital remains unchanged during the diradical 

formation as expected. 

Singlet

Occupation 1.97 1.08 0.92 0.03

Triplet

Occupation 1.98 1.01 0.97 0.04
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Fig. S40. The orbital transformation of the 4 orbitals in the active space during the diradical formation 

on the singlet surface. 

 

For the hydrotrioxide formation, the hydrotrioxide is optimized with a [2e,2o] active space which only includes 

the bonding and antibonding orbital of the formed O-O bond at the CASSCF/cc-pVDZ level. This is followed 

by a relaxed scan of the O-O bond distance from the equilibrium of 1.48 Å to 10 Å at the same level, and the 

MRCI/cc-pVDZ level single point energy calculations on the CASSCF optimized geometries. The orbitals in 

the [2e,2o] active space used for the hydrotrioxide formation are shown in Fig. S41. 
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Fig. S41. The orbitals in the [2e,2o] active space used for the hydrotrioxide formation.   

 

The scans at the MRCI/cc-pVDZ//CASSCF/cc-pVDZ level on the singlet and triplet potential surface for 

the diradical formation and the hydrotrioxide formation on the singlet surface are shown in Fig. S42. The MRCI 

level results suggest that the diradical has nearly degenerate singlet and triplet states. The singlet state of the 

formed diradical is 0.12 kcal mol-1 lower in energy than the triplet state. The scan results suggest that the barrier 

for OH addition to the double bond is significantly higher than the addition to the peroxy radical, thus the 

diradical formation is unlikely. 

 

 

 

Occupation 1.97 0.03
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Fig. S42. The MRCI/cc-pVDZ//CASSCF/cc-pVDZ level relaxed scan of HO reacting with the 

1-OH-β ISOPOO by double bond addition on the singlet (blue) and triplet (yellow) surface, and the 

hydrotrioxide formation (red) on the singlet surface. The double bond addition pathway (blue and yellow) 

has a higher barrier than the hydrotrioxide formation pathway (red). The products from the two reaction pathways 

(diradical R’-C-C-OH and the hydrotrioxide ROOOH) have similar relative energies compared to the reactants. 
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S4.5. Reaction of OH radicals with hydrotrioxides 

In this section, we studied the reactions and possible products from the hydrotrioxides reacting with OH radicals. 

All calculations in this section are at the B3LYP/6-31+G(d) level. Conformer samplings were performed as 

described before in section S4.1. The B3LYP level reaction rate coefficients are calculated using the MC-TST 

approach as described in (59). 

 

Reaction of OH radicals with the first-generation isoprene-derived hydrotrioxide  

Due to the atmospheric importance of isoprene, we first studied the possible oxidation pathways for the first-

generation hydrotrioxide (HO-C5H8OOOH) formed from OH + isoprene (Fig. S43).  
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Fig. S43. Possible OH-initiated reactions for the first-generation hydrotrioxide (HO-C5H8OOOH) formed 

from OH + isoprene. The hydrotrioxide HO-C5H8OOOH is marked with a red box. The expected major product 

IEPOX is marked with a black box.   

a b

c

d

IEPOX

e f

hg
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The hydrotrioxide HO-C5H8OOOH can react with OH radicals by either OH addition to the double bond or 

H-abstraction reactions. The corresponding isoprene-derived hydroperoxide HO-C5H8OOH (ISOPOOH) has 

been shown to react with OH radical mainly through the OH addition pathway and forming the isoprene 

dihydroxy epoxide (IEPOX).(18) We calculate the O-H binding energies in the -OOOH and the -OH groups of 

the hydrotrioxide HO-C5H8OOOH to be 72 kcal mol-1 and 96 kcal mol-1, respectively. For comparison, the O-H 

binding energy in the -OOH group of the hydroperoxide HO-C5H8OOH is calculated to be 76 kcal mol-1. The 

results suggest similar O-H binding energies in the -OOOH and -OOH group, thus we also expect the OH 

addition to be the major route for the hydrotrioxide HO-C5H8OOOH. We found that the OH addition product of 

the hydrotrioxide (structure c in Fig. S43) can undergo a very rapid unimolecular reaction forming the IEPOX 

(structure d in Fig. S43) and an HO2 radical. This reaction has a barrier of only 4.8 kcal mol-1, and the MC-TST 

calculated reaction rate coefficient is 109 s-1 at the B3LYP level. The reaction barrier of the corresponding 

hydroperoxide leading to IEPOX and OH radical was calculated to be 4.9 kcal mol-1. (65) Therefore, IEPOX 

formation is also likely the dominant route for the hydrotrioxide HO-C5H8OOOH. 

 

In addition to this primary pathway leading to IEPOX formation, we have also investigated some other minor 

pathways. For the OH addition pathway, another possibility is the O2 addition forming structure e in Fig. S43. It 

is known that H-shifts between peroxy and hydroperoxy groups are rapid and will reach equilibrium within 

~10-7 s. (12) We have calculated the H-shift reaction between the peroxy group and the trioxy group, and the 

results suggest that the barrier for such a H-shift is about 8 kcal mol-1 (k ~ 108 s-1) thus also rapidly reaching 

equilibrium. Our calculation suggests that the trioxy radical (f, ROOO) has the lowest energy, and the relative 

energies of e (ROO), g (RO) and h (RO) against f are 4.8 kcal mol-1, 19.6 kcal mol-1, and 18.1 kcal mol-1, 

respectively. This means the trioxy radical is the most favored and the two alkoxy radicals are unfavored. The 

same trend is observed for structures a and b formed from the H-abstraction pathway, where the trioxy radical 

b is 23.9 kcal mol-1 more stable than the alkoxy radical a. The reaction barrier of the two cyclization reactions 

(6-cyc and 5-cyc) from the structure a are calculated to be 20 kcal mol-1 and 18 kcal mol-1, respectively. A 

previous theoretical study has shown that for the trioxy radical CH3OOO, the decomposition reaction leading to 

the alkoxy radical CH3O and singlet oxygen, CH3OOO →CH3O + 1O2, only has a barrier of approximately 6 

kcal mol-1 and is the dominant route for the CH3OOO radical. (66) Thus we expect the alkoxy formation is also 

the major route for the trioxy radicals b and f. 

 

Overall, the IEPOX formation is likely the major route for the first-generation hydrotrioxide (HO-C5H8OOOH) 

formed from OH + isoprene in the gas phase, with alkoxy radical formation being minor pathways.  
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Reaction of OH radicals with TMA- and butene-derived hydrotrioxide  

Besides the unsaturated hydrotrioxide formed by isoprene + OH, we also studied the OH reactions of the 

saturated hydrotrioxides derived from TMA and butene (Fig. S44 and Fig. S45). For such hydrotrioxides without 

a C=C double bond, the OH H-abstraction from the -OOOH and the -OOH (if present) groups are expected to 

be the dominant pathways. 

 

The TMA-derived hydrotrioxide (HOOCH2)2NCH2OOOH (Fig. S44, red) has two hydroperoxide groups and a 

hydrotrioxide group. Irrespective of which of the O-H hydrogens is abstracted, we calculate that the equilibrium 

between the peroxy and trioxy radicals via the 1,8 H-shift is reached within ~10-7 s. The trioxy radical is 5.6 kcal 

mol-1 more stable than the peroxy radical and the equilibrium concentration ratio between the trioxy (ROOO) 

and the peroxy radical (ROO) is approximately 200 to 1, with the trioxy radical being favored. Therefore, the 

formation of the alkoxy radical (HOOCH2)2NCH2O and 1O2 is likely the major route of the TMA-derived 

hydrotrioxide, as noted from the isoprene-derived trioxy radicals. The two amides formed by 1,5 H-shift from 

the peroxy radical can only be minor products. 

 

Fig. S44. Possible OH-initiated reactions for the hydrotrioxide formed from OH + TMA. The 

hydrotrioxide (HOOCH2)2NCH2OOOH is marked with a red box. The expected alkoxy radical formed from 

the dominant route is marked with a black box. 
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For the butene-derived hydrotrioxide HO-C4H8OOOH, we expect the OH H-abstraction from the -OOOH group 

forming the trioxy radical to be the dominant pathway (Fig. S45). The equilibrium between the trioxy radical 

(ROOO) and the alkoxy radical (RO) is calculated to greatly favor the trioxy radical side (Fig. S45), due to the 

trioxy radical being 23 kcal mol-1 more stable than the alkoxy radical. This trend agrees with what we observed 

for the isoprene and TMA-derived hydroperoxides. We do not expect the formed trioxy radical to have other 

unimolecular reactions that can compete with the O2 loss reaction, thus the formation of the alkoxy radical 

HOCH2CH(O)CH2CH3 is expected to be the major route. 

 

Fig. S45. Possible OH-initiated reactions for the hydrotrioxide formed from OH + butene. The 

hydrotrioxide HO-C4H8OOOH is marked with a red box. The expected alkoxy radical formed from the 

dominant route is marked with a black box. 
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S4.6. Water-catalyzed alcohol formation from hydrotrioxides 

Hydrotrioxides are known for generating singlet oxygen, 1O2, and alcohol (ROH) in the liquid phase (1) and the 

hydrotrioxide CH3OOOH has drawn attention due to its potential of forming CH3OH in the atmosphere (4). The 

direct reaction of CH3OOOH → CH3OH + 1O2 in the gas phase has been shown to be unlikely (6, 66, 67). Here, 

we studied the possibility of the reaction ROOOH → ROH + 1O2 catalyzed by H2O in the gas phase.  

We have shown that the hydrotrioxide formation is a generic route for many atmospheric RO2 radicals, therefore, 

the structure (CH3)3CCH2OOOH is used for calculations in this section as a model system for the hydrotrioxides. 

We calculated the reaction barriers and reaction rate coefficients (Table S9) for the 2 reactions shown in Fig. S47, 

as well as the equilibrium constant for the formation of the (CH3)3CCH2OOOH•H2O complex in the gas phase 

(Table S10). The reaction rate coefficients are calculated by the IRC-TST approach (59) where the reactant (R) 

and product (P) are the optimized IRC endpoints of the TS and only one conformer of the R, TS and P is included. 

 

Fig. S46. Formation of alcohol and singlet O2 from hydrotrioxide without (1) and with (2) water catalysis. 

 

The calculated reaction barriers and reaction rate coefficients for the reactions in Fig. S46 at the B3LYP, M06-

2X, ωB97X-D and ROCCSD(T)-F12 levels (see section S4.2) are shown in Table S9. The water-catalyzed 

reaction (reaction 2 in Fig. S46) is treated as a unimolecular reaction where the reactant is the ROOOH•H2O 

complex. With H2O as the catalyst, the reaction barrier decreases from approximately 41 kcal mol-1 to 

approximately 22 kcal mol-1. This is not overly surprising since the involvement of H2O changed the TS structure 

from an unfavorable 4-membered ring to a 6-membered ring. The reaction rate coefficient increases by more 

than 10 orders of magnitude with H2O catalysis, which is in line with previous knowledge that ROOOH generates 
1O2 in the liquid phase. (1) 

  



 S82 

Table S9. The calculated reaction barriers, Ea (kcal mol-1), and unimolecular rate coefficients, kuni (s-1), at 

different levels for the reactions shown in Fig. S46. Energies shown are zero point vibrationally corrected 

electronic energies. 

Reaction B3LYP/6-31+G(d) M06-2X/aug-cc-pVTZ ωB97X-D/aug-cc-pVTZ ROCCSD(T)-F12/VDZ-F12// 

ωB97X-D/aug-cc-pVTZ 

 Ea kuni Ea kuni Ea kuni Ea kuni 

(1) 41.4 5.4×10-14 45.5 4.5×10-20 44.2  3.5×10-17 41.2  5.7×10-15 

(2) 20.6 8.0×10-3 26.3 3.8×10-7 24.8 1.2×10-5 22.6 5.1×10-4 

 

The water-catalyzed reaction proceeds as: 

																																															𝑅𝑂𝑂𝑂𝐻 + 𝐻H𝑂	 ⇌ 𝑅𝑂𝑂𝑂𝐻 ∙ 𝐻H𝑂
�����⎯� 𝑅𝑂𝐻 + 𝑂Hj + 𝐻H𝑂  (S19) 

The total bimolecular reaction rate coefficient, ktot, of ROOOH reacting with H2O forming ROH + 1O2 + H2O is 

thus described by   

														𝑘��� = 	
𝑘�
𝑘 𝑃¡

𝑘¢£¤ =
𝐾¦§
𝑃¡

𝑘¢£¤																																																																																				(S20) 

where 𝑃¡  is the standard pressure, 𝑘�  and 𝑘   is the forward and backward reaction rate coefficients of the 

equilibrium 𝑅𝑂𝑂𝑂𝐻 +𝐻H𝑂	 ⇌ 𝑅𝑂𝑂𝑂𝐻 ∙ 𝐻H𝑂, respectively, and 𝐾¦§ is its equilibrium constant. Whether the 

H2O-catalyzed reaction is important in the atmosphere, thus, also depends on the equilibrium constant, 𝐾¦§, for 

the complexed formation. In Table S10, we show the calculated equilibrium constant and the corresponding 

bimolecular reaction rate, ktot, at different levels of theory, where the lowest energy conformer of ROOOH and 

the complex from the IRC endpoints of the H2O catalysis reaction are used. The reaction rate coefficients 

obtained from different levels of calculations show 5 orders of magnitude difference, where the B3LYP level 

gives the fastest reaction rate coefficients. 

We estimate the pseudo-first-order reaction rate coefficient, kpseudo= ktot×[H2O], at 100 % RH and 298 K, 1 atm 

([H2O] ~ 7×1017 molecule cm-3). At the B3LYP level, kpseudo for the H2O-catalyzed reaction is about 10-5 s-1 with 

100 % RH, which should be the upper limit. This is comparable to an estimated pseudo-first-order rate coefficient 

of the competing ROOOH + OH reaction (k ~10-11 molecule-1 cm3 s-1 and [OH] = 106 molecule cm-3). As such, 

gas-phase decomposition (H2O-catalyzed or uncatalyzed) into ROH + 1O2 is unlikely to play a major role in the 

atmosphere compared to e.g. reaction with OH and transfer to the aerosol phase. This result supports our 

experimental observation that the measured ROOOH concentrations are independent of RH (see Fig. S2). 
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Table S10. Calculated equilibrium constants, K, of (CH3)3CCH2OOOH bound with H2O at 298.15 K, and the 

unimolecular, bimolecular, and pseudo-first-order reaction rate coefficients for decomposition into ROH + 1O2 

with H2O catalysis calculated at different levels of theories.   

Method K kuni  

[s-1] 
ktot 

[cm3 molecule-1 s-1] 
kpseudo 
(RH:100 %, 
T:298 K, P:1 atm) 

B3LYP/6-31+G(d) 0.048 8.00×10-3 1.51×10-23 1.1×10-5 

ωB97X-D/aug-cc-pVTZ 0.020 4.00×10-7 3.15×10-28 2.2×10-10 

M06-2X/aug-cc-pVTZ 0.103 1.30×10-5 5.24×10-26 3.7×10-8 

ROCCSD(T)-F12/VDZ-F12// 

ωB97X-D/aug-cc-pVTZ 

0.046 5.20×10-4 9.43×10-25 6.6×10-7 
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