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Section 1: Experimental

The experiments were performed at the Combustion Endstation (BL03U Beamline) in the 

National Synchrotron Radiation Laboratory (NSRL). These studies employed an isomer-

selective product dedection based on fragment-free photoionization with tunable vacuum 

ultraviolet (VUV) light coupled with a reflection time-of-flight mass spectrometer (Re-TOF-

MS) for the detection of ionized molecules1,2. Two high-temperature reactors with distinct 

residence times were exploited: a silicon carbide (SiC) chemical microreactor and an α-alumina 

(α-Al2O3) flow tube reactor (Figs. S1-S2; Table S1). The short residence time of only 102 μs 

of the reactants in the chemical microreactor inhibits secondary reactions hence enabling a 

targeted investigation of elementary reactions3,4. Conversely, the prolonged residence time 

provided in the flow tube reactor of 6×103 μs is optimal for investigating sucessive reactions 

of the primary reaction products5. In both reactors, benzyl (C7H7
•) and (2-naphthyl)-methyl (2-

C11H9
•) radicals were prepared in-situ via pyrolysis of the benzyl chloride (C7H7Cl) and 2-

chloromethylnaphthalene (2-C11H9Cl) precursors (Figs. S3-S4; Table S2), respectively.

1.1 Reactors

1.1.1 Silicon carbide microreactor

The chemical microreactor, mounted in a high vacuum differentially pumped chamber 

held at 10-6 Torr, comprises of a silicon carbide (SiC) tube (40.0 mm in length, 1.0 mm inner 

diameter, 2.0 mm outer diameter) interfaced to a stainless-steel Swagelok fitting via a graphite 

ferrule (Fig. S1a; Table S1). A stainless-steel nozzle with a 0.1 mm aperture is coupled to the 

SiC reactor. The nozzle assembly is thermally regulated using a heating jacket and a ceramic 

sleeve. The pressure of premixed gases was monitored through a pressure sensor (PMS 111, 

BD Sensor Co., Ltd) prior to entering the nozzle. The silicon carbide tube is resistively heated 

over a length of 20.0 mm with an accuracy of ±10 K provided by a type-S thermocouple. The 

distance between the SiC tube outlet and the skimmer was optimized to 10.0 mm. A continuous 

molecular beam is generated by the expansion of the reactants after passing through the 

skimmer (2.0 mm diameter) before intersecting with the tunable vacuum ultraviolet (VUV) 

light perpendicularly in the ionization chamber held at 10-7 Torr (Fig. S2a). The ionized 

molecules are extracted and transported through an ion lens guide and then detected by a 

reflection time-of-flight mass spectrometer held at 10-8 Torr (Fig. S2c). 
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1.1.2 α-Al2O3 flow tube reactor

The flow tube reactor employed in this study was manufactured from corundum (α-

Al2O3), with dimensions of 400.0 mm in length, an inner diameter of 7.0 mm, and an outer 

diameter of 10.0 mm (Fig. S1b; Table S1). A cylindrical quartz sleeve (13.0 mm inner 

diameter), externally fitted with a uniformly wound resistive heating wire (Cr20Ni80) was 

inserted coaxially into the α-Al2O3 tube. A Swagelok joint is adopted to hermetically connect 

the cylindrical quartz sleeve and the α-Al₂O₃ tube. To maintain the temperature of reactor, the 

exterior of cylindrical quartz sleeve is uniformly encased in insulation cotton with a thickness 

of 80.0 mm. The axial temperature distribution with an error of ±5 K along the α-Al₂O₃ flow 

tube under various heating temperatures has been reported in previous literature6. The quartz 

nozzle with a diameter of 350 μm, mounted in the difference chamber operating at 10-4 Torr, 

is positioned 10.0 mm from the outlet of the α-Al₂O₃ flow tube reactor. The reactants flow 

through the high-temperature reactor, after which the resulting products pass successively 

through a nozzle and a skimmer to form a molecular beam (Fig. S2b). The molecular beam is 

intersected perpendicularly by the VUV light within the ionization chamber held at 10-6 Torr; 

the resulting ions are subsequently detected by a high-resolution reflection time-of-flight mass 

spectrometer at 10-7 Torr (Fig. S2c).

Table S1. The main parameters of SiC microreactor and α-Al2O3 flow tube reactor.

length
(mm)

inner 
diameter

(mm)

outer 
diameter

(mm)
material residence time heating

microreactor 40.0 1.0 2.0 SiC ~102 μs
self-resistance 

heating

flow tube reactor 400.0 7.0 10.0 α-Al2O3 ~6×103 μs
wrapped 

heating wire
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Fig. S1 Diagrams of reactors adopted in current studies are shown in panel (a) SiC microreactor 

and (b) α-Al2O3 flow tube reactor.

Fig. S2 Schematic diagram of the sampling systems used in the current studies are given in 
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panel (a) SiC microreactor (b) α-Al2O3 flow tube reactor; Schematic diagram of reflection time-

of-flight mass spectrometer is presented in panel (c).

1.2 Conditions

1.2.1 Experiment 1

Figure S4a exhibits a schematic diagram of the injection system for experiment 1. In the 

present work, (2-naphthyl)-methyl (2-C11H9
•) radicals were generated in situ within the SiC 

reactor through thermal-decomposition of the solid precursor, 2-chloromethylnaphthalene (Fig. 

S3a, purchased from Aladdin, >97%). A filter (Fig. S4c, Swagelok, SS-6F-MM-05) was used 

as the sample container. The solid 2-chloromethylnaphthalene was kept in the porous filter 

element (0.5 μm pore size) blocked with the quartz wool and the filter is maintained at 303 K 

to facilitate solid sample volatilization. The vapor of 2-chloromethylnaphthalene was 

introduced into a helium (He) carrier gas stream (20.0 SCCM) controlled by a mass flow 

controller (MKS, Andover, MA, USA) and carried out of the filter. The gas mixture passed 

through the stainless-steel nozzle with a 0.1 mm aperture, forming a continuous supersonic 

molecular beam before entering the SiC reactor, which was resistively heated to 1123 K. To 

prevent the condensation of the vaporized samples, the stainless-steel pipeline between the 

filter and the SiC reactor was heated to 473 K. Photoionization efficiency (PIE) curves from 

6.50 to 9.00 eV with a step interval of 0.10 eV were recorded to identify the specific mass-to-

charge ratios for the species of interest.

Fig. S3 Molecular structures of precursors used in the current studies are given in panel (a) 2-

chloromethylnaphthalene (2-C11H9Cl); (b) benzyl chloride (C7H7Cl).

1.2.2 Experiment 2

In experiment 2, reactive (2-naphthyl)-methyl (2-C11H9
•) and benzyl (C7H7

•) radicals were 

prepared in situ in the SiC reactor, respectively through pyrolysis of the solid precursor, 2-

chloromethylnaphthalene (Fig. S3a, purchased from Aladdin, >97%), and the liquid precursor, 
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benzyl chloride (C7H7Cl) (Fig. S3b, purchased from Aladdin, >99%). Figure S4b shows the 

schematic diagram of injection system. The filter (Swagelok, SS-6F-MM-05) was also used to 

keep the solid precursor of 2-chloromethylnaphthalene; a detailed description was provided in 

Section 1.2.1 of Supplementary Information. For the precursor of benzyl chloride (C7H7Cl), a 

home-made bubbler (Fig. S4d, height of 76.0 mm, diameter of 38.0 mm) equipped with a 

thermostatic bath instrument (Hangzhou Qiwei Instrument Co., Ltd) was employed to contain 

the liquid sample. Considering the relatively high saturation vapor pressure of benzyl chloride 

(1.3 ± 0.3 mmHg at 298 K)7, the bubbler is immersed in the thermostatic bath instrument 

(ethanol bath) and the cool-temperature was maintained at 263 K. Helium gas is introduced 

into the filter (35.0 SCCM) and bubbler (5.0 SCCM) as the carrier gas. The 2-

chloromethylnaphthalene and benzyl chloride samples were therefore seeded into helium and 

sufficiently mixed reaching a total inlet pressure of 280-305 Torr. The SiC reactor was 

resistively heated and maintained at 1273 K; the stainless-steel gas delivery tube was heated to 

473 K using a heating belt. Photoionization efficiency curves were recorded over the photon 

energy range of 6.90 to 9.00 eV in 0.10 eV increments to identify the specific mass-to-charge 

ratios corresponding to the species of interest. 

1.2.3 Experiment 3

In experiment 3, the reactor was changed to the α-Al2O3 flow tube. In order to identify 

reaction species at specific mass-to-charge ratio, PIE curves ranged from 6.90 to 9.00 eV were 

also scanned with a more precise step interval of 0.05 eV. For a better comparison of three 

experiments in current study, the corresponding detailed conditions are summarized in Table 

S2.



7

Fig. S4 Schematic diagrams of injection system are shown in panel (a) experiment 1; (b) 

experiments 2-3; Physical images and sample installation diagrams are shown in panel (c) 

filter; (d) bubbler.

Table S2. Detailed conditions of experiments 1-3.

reactants reactor
reaction 

temperature (K)
reaction 

pressure (Torr)
inlet pressure 

(Torr)
PIE

Experiment 1 2-C11H9
• SiC 

microtube
1123 ~120 280-300 6.50-9.00/0.10

Experiment 2 2-C11H9
•/C7H7

• SiC 
microtube

1273 ~120 280-305 6.90-9.00/0.10

Experiment 3 2-C11H9
•/C7H7

• α-Al2O3 
flow tube

1273 ~30 270-300 6.90-9.00/0.05
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Section 2: Additional mass spectra
2.1 Experiment 1

Figure S5a displays the experimental PIE curve recorded at m/z = 140 (C11H8
+), with an 

obvious onset value of approximately 7.60 eV. In Fig. S5b, the experimental PIE spectrum at 

m/z = 142 is accurately matched by the reference PIE curve of 2-methylnaphthalene, with a 

minor contribution from the isotope 13CC11H9 of (2-naphthyl)-methyl (~11.2 %). The formation 

of 2-methylnaphthalene is attributed to hydrogen addition to (2-naphthyl)-methyl radicals in 

the reaction system. Figure S5c and S5d present the experimental PIE data for m/z = 176 

(C11H9
35Cl+) and 178 (C11H9

37Cl+) corresponding to the precursors of 2-

chloromethylnaphthalene.

Fig. S5 Experimental and reference PIE curves for different species are shown in panel (a) m/z 

= 140, (b) 142, (c) 176, and (d) 178 in the 2-chloromethylnaphthalene (C11H9Cl)/helium (He) 

system at 1123 K. The black samples refer to the normalized experimental data with 1σ error 

limits defined in the shaded area. The colored lines refer to reference standard PIE curves.

To assess the purity of the reactant, (2-naphthyl)-methyl, generated in the reaction system, 

the experimental PIE curve at m/z = 141 (C11H9
•+) was obtained and analyzed. As shown in 

Fig. S6, the experimental PIE data of m/z = 141 can be fitted well by the reference standard 
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PIE curve of (2-naphthyl)-methyl (2-C11H9
•)8, along with the isotope of 13CC10H8. This 

agreement confirms the successful in-situ preparation of (2-naphthyl)-methyl with the high-

purity within the SiC microreactor.

Fig. S6 Experimental and reference PIE curve at m/z = 141. It was collected at 1123 K in the 

2-chloromethylnaphthalene (C11H9Cl)/helium (He) system. The black samples refer to the 

normalized experimental data with 1σ error limits defined in the shaded area. The colored lines 

refer to reference standard PIE curves.

Figure S7 exhibits the experimental PIE data collected at m/z = 279-283. As shown in 

Fig. S7b, the onset of ion signal at m/z = 280 (C22H16
+) occurs at 7.40±0.03 eV, followed by a 

pronounced intensity enhancement around 8.50 eV. The PIE for m/z = 282 (C22H18
+) exhibits 

an onset of 6.90±0.03 eV, with a marked increase in signal intensity observed near 7.70 eV 

(Fig. S7d). However, the detailed chemical structures of the products with the molecular 

formula C22H18 and C22H16 cannot be unambiguously assigned due to the lack of appropriate 

reference standards. Figure S7a presents the experimental PIE data of m/z = 279 and the 

integration intensity of collected ions at m/z = 279 is ~23.08% of that at m/z = 278 (Fig. 1b). 

Considering the contribution from 13C isotopes (22×1.109% natural abundance) of C22H14 

isomers, ion signal at m/z = 279 is primarily attributed to 13CC21H14. Similarly, ion counts at 

m/z = 281 (Fig. S7c) and 283 (Fig. S7e) are believed to originate from 13CC21H16 and 
13CC21H18, respectively.
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Fig. S7 Experimental PIE curves for different species are shown in panel (a) m/z = 279, (b) 

280, (c) 281, (d) 282 and (e) 283 in 2-chloromethylnaphthalene (C11H9Cl)/helium (He) system 

at 1123 K. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. 

Figure 2 shows the collected experimental PIE data at m/z = 278 (C22H14
+) and it can be 

well fitted with the standard PIE curves of [5]helicene, benzo[a]tetraphene and 

benzo[a]tetracene. The detailed fitting process of the experimental PIE data for m/z = 278 has 

been described in the main text (Fig. 2 and Figs. S8-S9). Briefly, the experimental ion onset at 

7.00±0.03 eV aligns well with the ionization energy (IE) of benzo[a]tetracene (6.97±0.02 eV9). 

However, satisfactory fitting of the experimental PIE data using the benzo[a]tetracene 

reference curve is only achieved between 6.50 and 7.20 eV (Fig. S8a), with a pronounced 

intensity increase observed at 7.30±0.03 eV. By incorporating the reference curve of 

benzo[a]tetraphene (7.30±0.05 eV10) into the fit (Fig. S8b), the experimental PIE profile for 

m/z = 278 can be reproduced up to 7.50 eV. Finally, further inclusion of [5]helicene 
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(IE=7.51±0.02 eV10) allows the entire experimental PIE dataset to be satisfactorily modeled by 

a linear combination of the reference curves for these three C22H14 isomers. Additional 

combinations of reference standard PIE curves (Fig. S8c: benzo[a]tetracene and pentaphene; 

Fig. S8d: benzo[a]tetracene, pentaphene and benzo[a]tetraphene; Fig. S8e: benzo[a]tetracene, 

benzo[a]tetraphene, pentaphene and benzo[k]tetraphene) were adopted to fit the experimental 

PIE data collected at m/z=278, but the experimental PIE data cannot be matched well in the 

whole energy range. 

Fig. S8 Experimental PIE data for species at m/z=278, along with various combinations of 

reference standard PIE curves, in 2-chloromethylnaphthalene (C11H9Cl)/helium (He) system at 

1123 K. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. The colored lines refer to reference standard PIE curves. (a) 

benzo[a]tetracene; (b) benzo[a]tetracene and benzo[a]tetraphene; (c) benzo[a]tetracene and 

pentaphene; (d) benzo[a]tetracene, pentaphene and benzo[a]tetraphene; (e) benzo[a]tetracene, 

benzo[a]tetraphene, pentaphene and benzo[k]tetraphene.

To enhance the accuracy of the experimental data analysis and assess the generation 

possibility of other C22H14 isomers, various combinations of the standard PIE curves of C22H14 

isomers, including [5]helicene, benzo[a]tetracene, benzo[a]tetraphene, pentaphene, pentacene 
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and dibenz[a,h]anthracene, are also employed for reproducing the experimental datasets (Fig. 

S9). Figure S9a presents the experimental PIE data of m/z=278, along with the reference 

standard PIE curves of [5]helicene, benzo[a]tetraphene, benzo[a]tetracene, pentaphene, and the 

corresponding branching ratios of these four C22H14 isomers are extracted to be 74.3±5.2: 

17.0±1.2: 6.0±0.4: 2.7±0.2% at 8.80±0.03 eV, taking 7% uncertainty of the experimental PIE 

data into consideration. The results of linear fitting of experimental data at m/z=278 using 

[5]helicene, benzo[a]tetraphene, benzo[a]tetracene and dibenz[a,h]anthracene are shown in 

Fig. S9b. After accounting for a 7% uncertainty in the experimental data, the derived branching 

ratios at 8.80±0.03 eV were determined to be 74.1±5.2: 16.9±1.2: 6.5±0.5: 2.5±0.2%. Four 

reference PIE curves of [5]helicene, benzo[a]tetraphene, benzo[a]tetracene and pentacene, 

along with branching ratios of 72.9±5.1: 18.6±1.3: 7.4±0.5: 1.1±0.1% at 8.80±0.03 eV, were 

adopted into the fit of the experimental PIE data of m/z=278 (Fig. S9c). In Fig. S9d, five 

standard PIE profiles of C22H14 isomers, including [5]helicene, benzo[a]tetraphene, 

benzo[a]tetracene, pentaphene and dibenz[a,h]anthracene, were adopted to match the 

experimental PIE data of m/z=278. By linear fitting of these calibration PIE curves to the 

experimentally measured data, the branching ratios of [5]helicene, benzo[a]tetraphene, 

benzo[a]tetracene, pentaphene and dibenz[a,h]anthracene are extracted to be 75.5±5.3: 

16.7±1.2: 5.4±0.4: 1.2±0.1: 1.2±0.1% at 8.80±0.03 eV. In Fig. S9e, all aforementioned six 

C22H14 isomers are considered into the match of the experimental PIE data for m/z=278 and 

the corresponding branching ratios are extracted as [5]helicene : benzo[a]tetraphene : 

benzo[a]tetracene : pentaphene : dibenz[a,h]anthracene : pentacene = 67.1±5.3 : 20.9±1.5 : 

5.4±0.4 : 3.1±0.2 : 1.8 ±0.1 : 1.7 ±0.1%. In summary, the (2-naphthyl)-methyl self-reaction 

system predominantly yields [5]helicene, benzo[a]tetraphene, and benzo[a]tetracene as the 

major products. Three additional C22H14 isomers of pentaphene, dibenz[a,h]anthracene, and 

pentacene, could potentially be generated as minor byproducts, with their formation yields 

remaining at trace levels.
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Fig. S9 Experimental PIE curve for m/z = 278. It was collected at 1123 K in 2-

chloromethylnaphthalene (C11H9Cl)/helium (He) system. The black samples refer to the 

normalized experimental data with 1σ error limits defined in the shaded area. The colored lines 

refer to reference standard PIE curves. Various combinations of reference standard PIE curves 

are shown in panel (a) [5]helicene, benzo[a]tetracene, benzo[a]tetraphene and pentaphene; (b) 

[5]helicene, benzo[a]tetraphene, benzo[a]tetracene and dibenz[a,h]anthracene; (c) [5]helicene, 

benzo[a]tetraphene, benzo[a]tetracene and pentacene; (d) [5]helicene, benzo[a]tetraphene, 

benzo[a]tetracene, pentaphene and dibenz[a,h]anthracene; (e) [5]helicene, benzo[a]tetracene, 
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benzo[a]tetraphene, pentaphene, pentacene and dibenz[a,h]anthracene.

2.2 Experiment 2
To evaluate the purity of benzyl and (2-naphthyl)-methyl radicals in-situ generated within 

the SiC reactor, we initially acquired and analyzed PIE curves of m/z = 91 (Fig. S10a) and 141 

(Fig. S10b). It can be seen that both experimental PIE data of m/z = 91 and 141 can, 

respectively, be well matched with reference standard PIE curves of benzyl (C7H7
•, Fig. 

S10a)11,12 and (2-naphthyl)-methyl (2-C11H9
•, Fig. S10b)8, along with corresponding 13C 

isotope contributions from 13CC6H6 (91 amu, Fig. S10a) and 13CC10H8 (141 amu, Fig. S10b), 

indicating satisfactory in-situ preparation of reactive radicals within the reactor.

Fig. S10 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 91 and (b) 141. The black samples refer to the normalized experimental data with 1σ 

error limits defined in the shaded area. The colored lines refer to reference standard PIE curves.

Figures S11a-S11c shows the experimental PIE data recorded at m/z = 89, 90 and 92, 

along with the corresponding reference curves. Figure S11a shows the experimental PIE data 

for m/z=89. The onset value of 8.20±0.03 eV agrees well with the IE of fulvenallenyl 

(8.19±0.01 eV) and the whole experimental PIE data can be reproduced by the reference PIE 

curve of fulvenallenyl13. Figure S11b presents the experimental PIE data for m/z=90. This 

spectrum is well-represented by a combination of the reference PIE curve for fulvenallene4 and 

the contribution from the 13CC6H5 isotope. Similarly, the experimental PIE data collected for 

m/z=92 is accurately reproduced by superimposing the standard PIE curve of toluene14 with 

the signal from its 13CC6H7 isotopologue (Fig. S11c). Through the PIE analysis method, the 

fulvenallenyl radical (C7H5
•), fulvenallene (C7H6) and toluene (C7H8) were identified at m/z = 
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89, 90 and 92. Benzyl radical (C7H7
•) decomposes at elevated temperatures to yield 

fulvenallene (C7H6). Subsequent pyrolysis of fulvenallene (C7H6) then forms fulvenallenyl 

(C7H5
•)14,15. Toluene (C7H8) is formed through further H-addition of benzyl (C7H7

•)15. Figures 

S11d-S11f present the experimental PIE data for m/z = 139, 140 and 142 which are assigned 

to products stemming from one or two step(s) of H-elimination/addition reactions of the (2-

naphthyl)-methyl. Figures S11d and S11e exhibit the experimental PIE data for m/z = 139 and 

140, respectively. However, further identifications of detailed chemical structures are hindered 

due to the lack of reference PIE curves. Figure S11f exhibits the experimental PIE data for m/z 

= 142 and it can be well fitted by the reference PIE curve of 2-methylnaphthalene (2-C11H10), 

along with the isotope of 2-13CC10H9.

Fig. S11 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 89, (b) 90, (c) 92, (d) 139, (e) 140 and (f) 142, in benzyl chloride (C7H7Cl)/2-

chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K. The black samples refer to 

the normalized experimental data with 1σ error limits defined in the shaded area. The colored 
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lines refer to reference standard PIE curves.

Figure S12 presents experimental data recorded at m/z = 154 (C12H10
+), 156 (C12H12

+), 

178 (C14H10
+), 180 (C14H12

+), 182 (C14H14
+), 278 (C22H14

+), 280 (C22H16
+), and 282 (C22H18

+). 

As shown in Fig. S12a, the experimental PIE curve for m/z = 154 exhibits an onset energy of 

7.70±0.03 eV, consistent with the ionization energy (IE) of ethenylnaphthalene (C12H10, 7.70 

eV16). Similarly, the PIE spectrum of m/z = 156 (Fig. S12b) shows an onset near 8.00 eV, 

which is close to the IE of ethylnaphthalene (C12H12, 7.95 eV7). It is proposed that 

ethylnaphthalene (C12H12) is formed through the reaction of (2-naphthyl)-methyl (2-C11H9
•) 

with a methyl radical (CH3
•), which can subsequently undergo H-elimination to yield 

ethenylnaphthalene (C12H10). Notably, ion signals at m/z = 154 and 156 were also observed in 

the previous reported studies of 1-/(2-naphthyl)-methyl8,17. The signals observed at m/z = 178, 

180, and 182 have been attributed to products arising from the self-reaction of benzyl radicals, 

i.e. C14H10, C14H12 and C14H14 isomers12. Similarly, the ion counts at m/z = 278, 280, and 282 

are assigned to products of the (2-naphthyl)-methyl radical self-reaction (Section 2.1 of 

Supplementary Information). By linear fitting of calibration PIE curves to the experimentally 

measured data (m/z = 278), the branching ratios of [5]helicene, benzo[a]tetraphene and 

benzo[a]tetracene are extracted to be 63.3 ± 4.4: 31.8 ± 2.2: 4.9 ± 0.3% at 8.80 eV, taking 7% 

uncertainty of the experimental PIE data into consideration.

Fig. S12 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 154, (b) 156, (c) 178, (d) 180, (e) 182, (f) 278, (g) 280 and (h) 282 in benzyl chloride 
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(C7H7Cl)/2-chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K. The black 

samples refer to the normalized experimental data with 1σ error limits defined in the shaded 

area. The colored lines refer to reference standard PIE curves.

Figure S13 shows the experimental PIE data collected at m/z = 229-233. Figure S13b and 

S13d exhibit the experimental PIE data for m/z = 230 (C18H14
+) and 232 (C18H16

+); the analysis 

is precluded due to the lack of corresponding reference standard PIE curves. Briefly, the onset 

value of experimental PIE profile for m/z = 230 is 7.50±0.03 eV (Fig. S13b). Similarly, an 

initial threshold near 7.80 eV can be determined from the experimental PIE curve of m/z = 232 

(Fig. S13d), followed by a pronounced intensity enhancement at 8.50±0.03 eV. Figure S13a 

shows the collected experimental PIE data at m/z = 229. The integrated ion intensity at m/z = 

229 corresponds to approximately 20.11% of the intensity at m/z = 228 (Fig. 3b). Considering 

the contribution from 13C isotopes (natural abundance: 18×1.109%) within C18H12 isomers, the 

ion counts at m/z = 229 are primarily attributed to 13CC17H12. Similarly, the ion signals at m/z 

= 231 (Fig. S13c) and m/z = 233 (Fig. S13e) mainly come from 13CC17H14 and 13CC17H16, 

respectively. Figure S14 presents the experimental PIE data collected at m/z = 228 (C18H12
+), 

along with different combinations of reference standard PIE curves with the detailed analysis 

provided in the main manuscript. To provide comprehensive experimental evidence, potential 

contributions of two additional C18H12 isomers, chrysene and triphenylene (their IEs≥7.60 eV), 

were also evaluated. First, chrysene or triphenylene was elected as proxies for [4]helicene to 

fit the experimental PIE curve of m/z=228. As shown in Figs. S15a-S15b, the fitting result was 

less satisfactory than that achieved using benz[a]anthracene, [4]helicene, and tetracene and a 

discrepancy was particularly evident at energies greater than 8.40 eV. Building upon the 

successful fit with the three primary isomers of benz[a]anthracene, [4]helicene, and tetracene, 

we subsequently evaluated the individual and combined contributions of chrysene and 

triphenylene to the PIE curve (Figs. S15c–S15e). While a satisfactory fit could be reproduced, 

it is crucial to note that the branching ratios required for chrysene and triphenylene were 

minimal (<1%). Even if these additional C18H12 isomers, such as chrysene and triphenylene, 

are postulated to be formed in experiment 2, their yields would be negligible.
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Fig. S13 Experimental PIE curves for different species are shown in panel (a) m/z = 229, (b) 

230, (c) 231, (d) 232 and (e) 233, in benzyl chloride (C7H7Cl)/2-chloromethylnaphthalene 

(C11H9Cl)/helium (He) system at 1273 K. The black samples refer to the normalized 

experimental data with 1σ error limits defined in the shaded area. 

Fig. S14 Experimental PIE curve for m/z = 228. It was collected at 1273 K in benzyl chloride 

(C7H7Cl)/2-chloromethylnaphthalene (C11H9Cl)/helium (He) system. The black samples refer 

to the normalized experimental data with 1σ error limits defined in the shaded area. Various 

combinations of reference standard PIE curves are shown in panel (a) tetracene; (b) 

benz[a]anthracene and tetracene.
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Fig. S15 Experimental PIE data for species at m/z=228, along with various combinations of 

reference standard PIE curves, in benzyl chloride (C7H7Cl)/2-chloromethylnaphthalene 

(C11H9Cl)/helium (He) system at 1273 K. The black samples refer to the normalized 

experimental data with 1σ error limits defined in the shaded area. The colored lines refer to 

reference standard PIE curves. (a) benz[a]anthracene, triphenylene and tetracene; (b) chrysene, 

benz[a]anthracene, and tetracene; (c) chrysene, benz[a]anthracene, [4]helicene, and tetracene; 

(d) benz[a]anthracene, triphenylene, [4]helicene, and tetracene; (e) chrysene, 

benz[a]anthracene, triphenylene, [4]helicene, and tetracene.
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2.3 Experiment 3.
Figure S16a shows the mass spectrum recorded at the photoionization energy of 9.00 eV 

in experiment 3, using the α-Al2O3 flow tube reactor. the prolonged reactant residence time 

(Table S1) promotes secondary reactions and enhanced molecular mass growth within the 

system. The interested mass-to-charge ratio regions of 225–235 and 275–284 in the current 

study were displayed and discussed in detail in the main text (Fig. 5). Additionally, expanded 

views of the mass spectra at m/z = 80–100 and 134–146 are provided in Figs. S16b and S16c, 

respectively. Notably, the signal intensities of the ions at m/z = 91 (C7H7
•+, Fig. S16b) and m/z 

= 141 (2-C11H9
•+, Fig. S16c) corresponding to benzyl and (2-naphthyl)-methyl, are markedly 

lower than those observed in experiments 1 and 2 (Figs. 1 and 3). Figure S17a exhibits the 

experimental PIE data collected at m/z = 91, which can be well fit with the reference PIE curve 

of the benzyl radical11,12, along with the isotope of 13CC6H6. Likewise, the experimental PIE 

data of m/z = 141 (Fig. S17b) are accurately described by the reference profiles8 attributed to 

the (2-naphthyl)-methyl radical and 13CC10H8 isotope. Signals at m/z = 92 (C7H8
+, Fig. S16b) 

and 142 (2-C11H10
+, Fig. S16c) are significantly enhanced, respectively originating from further 

H-addition to benzyl and (2-naphthyl)-methyl forming toluene and 2-methylnaphthalene, 

separately. The integral intensity of ions at m/z = 233 (13CC17H16
+) is about 20.65% of those at 

m/z = 232 (C18H16
+), suggesting the ion counts at m/z = 233 primarily originates from 13C 

isotopes of C18H16 (232 amu, 18×1.109% natural abundance). Similarly, the signal at m/z = 

283, with an intensity ratio of 23.50% relative to m/z = 282, is primarily attributable to the 13C 

isotope of C22H18 (282 amu, 22×1.109% natural abundance). Therefore, it can be concluded 

that the C18H16 and C22H18 hydrocarbons are mainly formed via (2-naphthyl)-methyl reacting 

with benzyl and self-reactions of (2-naphthyl)-methyl in experiment 3. 
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Fig. S16 Mass spectrum recorded at the photoionization energy of 9.00 eV in experiment 3, 

using the α-Al2O3 flow tube reactor. The whole mass spectrum is shown in panel (a) m/z=80-

285. The enlarged spectra are shown in panel (b) m/z = 80-100 and (c) m/z = 134-146.

Fig. S17 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 91 and (b) 141 in benzyl chloride (C7H7Cl)/2-chloromethylnaphthalene 

(C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow tube reactor. The black 

samples refer to the normalized experimental data with 1σ error limits defined in the shaded 

area. The colored lines refer to reference standard PIE curves.

Figure S18a presents the experimental PIE data of m/z=229 (13CC17H12
+), originating 

from 13C isotope (18×1.109% natural abundance) of C18H12 isomers. Note that ion counts at 
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m/z=229 (13CC17H12
+) can be fit with the same overall branching ratios of benz[a]anthracene, 

[4]helicene, and tetracene (all C18H12) as those during the fitting for m/z=228. Additional 

experimental PIE data and fitting results are also presented in Figs. S18-S23. However, for 

some ion signals, further structure identifications cannot be performed due to lack of reference 

standard PIE curves.

Fig. S18 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 229, (b) 230, (c) 231, (d) 232 and (e) 233 in benzyl chloride (C7H7Cl)/2-

chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow 

tube reactor. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. The colored lines refer to reference standard PIE curves.
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Fig. S19 Experimental PIE curves for different species are shown in panel (a) m/z = 279, (b) 

280, (c) 281, (d) 282 and (e) 283 in benzyl chloride (C7H7Cl)/2-chloromethylnaphthalene 

(C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow tube reactor. The black 

samples refer to the normalized experimental data with 1σ error limits defined in the shaded 

area.

Fig. S20 Experimental and reference PIE curves for different species are shown in (a) m/z = 

90, (b) 92, (c) 102, (d) 104, (e) 126 and (f) 128 in benzyl chloride (C7H7Cl)/2-

chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow 

tube reactor. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. The colored lines refer to reference standard PIE curves.

Fig. S21 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 136, (b) 138, (c) 140 and (d) 142 in benzyl chloride (C7H7Cl)/2-chloromethylnaphthalene 
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(C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow tube reactor. The black 

samples refer to the normalized experimental data with 1σ error limits defined in the shaded 

area. The colored lines refer to reference standard PIE curves.

Fig. S22 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 152, (b) 154, (c) 156, (d) 166 and (e) 168 in benzyl chloride (C7H7Cl)/2-

chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow 

tube reactor. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. The colored lines refer to reference standard PIE curves.

Fig. S23 Experimental and reference PIE curves for different species are shown in panel (a) 

m/z = 178, (b) 179, (c) 180, (d) 181 and (e) 182 in benzyl chloride (C7H7Cl)/2-



25

chloromethylnaphthalene (C11H9Cl)/helium (He) system at 1273 K, using the α-Al2O3 flow 

tube reactor. The black samples refer to the normalized experimental data with 1σ error limits 

defined in the shaded area. The colored lines refer to reference standard PIE curves.

Compared with experiment 2, the proportion of [4]helicene in the total formed C18H12 

isomers rises markedly from 36.5 ± 2.5% to 86.5 ± 6.1% in experiment 3, whereas the 

proportions of benz[a]anthracene and tetracene decrease significantly to 3.8 ± 0.3% and 9.7 ± 

0.7%, respectively, from those of 44.6 ± 3.0% and 18.9 ± 1.3% in experiment 2 (Fig. S24a). A 

comparative analysis reveals that (Fig. S24b), in contrast to experiment 2, it exhibits significant 

increases in the branching ratios of [5]helicene (63.3 ± 4.4% at 8.80 eV in experiment 2, Fig. 

S12f) and benzo[a]tetracene (4.9 ± 0.3% at 8.80 eV in experiment 2, Fig. S12f), with the 

concomitant decreases in that of benzo[a]tetraphene (31.8 ± 2.2% at 8.80 eV in experiment 2, 

Fig. S12f).

Fig. S24 Comparisons of branching ratios between experiment 3 (Exp. 3: benzyl/(2-naphthyl)-

methyl, using the α-Al2O3 flow tube reactor) and experiment 2 (Exp. 2: benzyl/(2-naphthyl)-

methyl, using the SiC microreactor) are shown in panel (a) C18H12; (b) C22H14. 
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Section 3: Simplified reaction pathways for the benzyl radical self-reaction

Fig. S25 Simplified reaction pathways for the benzyl self-reaction. The reaction pathways are 

extracted from the reference12. Novel reaction pathways on the singlet and triplet surfaces are 

color coded in black and red, respectively. All energies are presented in the unit of kJ•mol−1. 

Carbon and hydrogen atoms are color coded in gray and white, respectively.
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